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Abstract
The separation of the racemic and meso diastereomers of the binucleating 
ligand et,ph-P4 ((Et2PCH2CH2)(Ph)PCH2P(Ph)(CH2 CH2PEt2)) was achieved. The 
thiocyanate nickel(II) complexes of mixed racemic- and meso-et,ph-P4 were 
separated based on their different solubilities in ethanol. Cyanolysis of the separated 
racemic and meso nickel(II) complexes allowed the recovery o f the free racemic- and 
mejo-et,ph-P4 ligands. The many species involved in this process were identified in 
order to obtain consistent and improved results. After the separation of the 
diastereomers, the enantiomers of racc'/n/c-et,ph-P4 were separated in order to study 
the ability of the bimetallic chiral rhodium et,ph-P4 complexes to act as precursors of 
catalysts for bimetallic asymmetric hydroformylation of various vinyl esters.
xui




Hydroformylation is the largest homogeneous industrial process for 
converting alkenes, CO and H? into aldehydes (Equation 1).̂
o
H, CO II I
H gCzCHR ----------   ► H-C-CH2 CH2R +  HaC-CHR (“*)
Rh or Co 
catalyst linear branched
A ld e h y d es
Hydroformylation was an established technology with worldwide capacities o f 
5.2x10® tons per year in 1980 (1965: 0.8x10® t, 1995: over 6.6x10® t).‘ Industry 
regularly uses rhodium or cobalt as metal centers for the catalyst, specifically 
HCo(CO)4, HCo(CO)3PR3 and HRh(CO)(PR3)3. At the present, most 
hydroformylation research focuses on the development of catalysts based on cobalt 
and rhodium; platinum, ruthenium and some other metal centers are also used in 
minor amounts but not commercially. The generally accepted order of 
hydroformylation activity with regard to the central metal atom is:
R h » C o » Ir ,  Ru>Os>Pt>Pd>Fe>Ni 
Comparison of the activities of group 8 and group 9 transition metals in the 
hydroformylation of 1-hexene confirms the order given above.^
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Generally the ligands are different types o f phosphines. Therefore, there have 
been many studies on a wide variety of phosphines and their coordination chemistry in 
hydroformylation catalysis/
Hydroformylation catalysts consisting of more than one metal atom have been 
of interest because they may display novel reactions that are unavailable to 
mononuclear catalysts. Clusters used as starting materials are often degraded to at 
least bimetallic species which may catalyze the hydroformylation reaction. The 
species studied in the past cover homo- and heterometallic, phosphido-bridged and 
ligand-modified mono and mixed metal clusters. ' The most recent work by Garland 
clearly indicates that compounds like Rli4(CO)i2, Rh6(CO)i6, Rh2(CO)4Cl2, 
CoRh(CO)? and Co2Rh2(CO)i2 are degraded to the active transient monometallic 
species HRh(C0)3 under hydroformylation conditions."* The induction period for the 
mixed Co/Rh clusters is two to three orders o f magnitude shorter when compared 
with monometallic Rh% clusters. This observation has led to proposals of bimetallic 
cooperativity for the mixed Co/Rh polymetallic precursor. The hydroformylation 
catalysis, however, is exclusively performed by the monomeric HRh(C0)3 species. 
Under certain reaction conditions metal clusters have been proposed to be the active 
catalysts. For instance, fragmentation of clusters to mononuclear species is prevented 
by employing bridging ligands such as m-PPh in Co4(CO)io(p4-PPh)2 . This was 
demonstrated by in situ cylindrical internal reflectance (CIR) IR spectroscopy.^ 
Another way to avoid degradation is to use lower temperatures and pressures.^
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Inhibition of fragmentation o f dimer and cluster systems usually centers 
around the use o f strong M-M bonds or bridging ligands such as 
bis(diphenylphosphino)methane (dppm)/ However, strong M-M bonds, for example, 
do not give sufficient flexibility and reduce the number of reactive interactions of the 
substrate with the catalyst. The breaking of a M-M bond can play an important role 
in the activation of a substrate species. Similarly, the re-formation of the M-M 
bond(s) at the end of a catalytic cycle can assist in the elimination of products and the 
temporary stabilization of an unsaturated catalyst. The second approach o f using 
bridging ligands such as dppm often fails either because the ligands do not coordinate 
strongly enough to stop fragmentation or because they impose metal coordination 
geometries that are not as reactive as that found in monometallic catalysts.**
Stanley and coworkers* have developed new ligands able to form novel 
geometry bimetallic complexes. Initially the ligand system (Et2pCH2CHz)2- 
PCH2P(CH2CH2PEt2)2, abbreviated eHTP (for ethyl-substituted hexakis(tertiary 
phosphine)), was synthesized in order to fulfill the template and antifragmentation 
concepts. This polyphosphine ligand has a number of features favoring it as a 
binucleating ligand system: the ability to both bridge and bichelate two transition 
metal centers; alkylphosphine moieties (rather than arylphosphines), which improve 
solubility and metal coordination strength; and a straightforward, high-yield synthetic 
procedure.* This ligand easily forms homo- and hetero-bimetallic complexes.®**  ̂
Although this ligand was designed to form closed-mode binuclear complexes of the 
general type la , conformational studies o f fac,fac-M2(C0)ô(eHTP) (M= Cr, Mo, W)
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showed that the different complexes o f the general types lb, Ic, and Id  are also 
produced (Fig. 1.1).“’’'^
The strongly bonding tridentate, bis-chelating nature o f the ligand occupies 
three coordination sites on the metal and this, unfortunately, can inhibit the reactivity 
o f the metal center in a catalytic reaction such as hydroformylation. Consequently for 
a closed mode ligand conformation such as la , access to the metal centers by a 
substrate molecule is essentially limited to the “top-side” of the eHTP-dimer system. 
In addition, the square planar complexes with group VIII metals o f the type 
MiCeHTP) can not adopt the close-mode geometry because of unfavorable steric 
factors between the two halves of the bimetallic complex.
Et2P>̂  ^PEt2
P .  , p ^" " T i  I ] : " '
la  lb
,PE t2
^  ' k
Ic 1“
Figure 1.1 General types of binuclear complexes with eHTP 
Consequently, a simple approach to reducing some of the unfavorable steric 
factors in eHTP is the replacement o f two of the -CH2CH2PR2 linkages with phenyl 
groups. This produces the binucleating tetraphosphine ligands meso- and
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TOc:^m/c-(Ei2PCH2CH2)(Ph)PCH2P(Ph)(CH2CH2PEt2), et,ph-P4. Fig. 1.2 shows the 
structures of these two phosphine ligands.'^ This ligand would still have the 
bridging-chelating framework of eHTP, yet provides a considerably more open 
environment about the metal centers for reactions to occur. This tetraphosphine 
ligand will bind two metal atoms via chelate and bridging coordination modes. In this 
way, the binuclear complex should have more open reactive sites that may make it 





PEt, E t g P PEt,
\
Ph
E t g P  
racemic -  et,ph-P4
Ph Ph
meso -  et,ph-P4
Figure 1.2. Binucleating tetraphosphine ligands racemic- and meso- 
(Et2PCH2CH2)(Ph)PCH2P(Ph)(CH2CH2PEt2), et,ph-P4
The synthesis of this ligand is shown in Scheme 1.1.'^
DMF





Ph yPEtg EtgP r c i2
^  \  /  \
c t  iT Ph Ph
EtgP 2 Et2P(HC=CH2)
racemic - et,ph-P4 meso -  et,ph-P4
Scheme 1.1 Synthesis of racemic and meso et,ph-P4.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Meihylenebis(phenylphosphine), Ph(H)PCH2P(H)Ph, is obtained by using the 
synthesis of Langhans and Stelzer.*® It consists of the formation of phosphido anions 
by reaction of KOH with phenylphosphine in DMF/H2O. This anion reacts 
nucleophilically with dichloromethane to form the desired product in ~40% yield. 
The low yield of the methylenebis(phenylphosphine) intermediate is balanced by its 
quantitative reaction with diethylvinylphosphine in a 1:2 molar ratio (neat-no solvent) 
under hv irradiation for 3 hours to give racemic + /7?ejo-et,ph-P4 in 100% yield.
The et,ph-P4 ligands readily form bimetallic complexes with different metals.'^ 
They often have an open-mode geometry where the metal centers are separated by 
5-7 Â, The racemic diastereomer has an anti orientation of the chelate rings while 
the meso has a^v/7 orientation (Figure 1.3).
Et,P,
I
y  X /
Ph
racemic -  A fg (et,ph-P4) meso -  M g  (et,ph-P4)
Figure 1.3. General types of bimetallic complexes with racemic- and 
meso-(Et2PCH2CH2)(Ph)PCH2P(Ph)(CH2CH2pEt2), 
et,ph-P4
This ligand reacts with Rh2(|i-Cl)2(CO)4 , for example, to form the dinuclear 
complex Rh2Cl2(CO)2(et,ph-P4).‘‘* This complex adopts an open-mode conformation 
in which the two RhCl(C0)P2 halves are symmetrically splayed apart by rotations
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about the central methylene bridged. A major difference is the central P-CH2-P angle 
o f 113(1)“ for Rh2Cl2(CO)2(et,ph-P4) is markedly smaller than those observed for 
related M2Cl2(eHTP)^^ systems which range from 126.6(4)“ for Pd2Cl2(eHTP)^* to 
129.7(9)“ for Pt2Cl2(eHTP)^*. This reduces significantly the steric interactions 
between each half o f  the et,ph-P4 ligand system and strongly suggests far easier 
rotation about the central methylene bridge, potentially allowing the metal centers to 
interact or cooperate more readily in the activation or reaction o f a substrate. This 
complex does not appear to fragment under hydroformylation conditions. However, 
since Cl" ligands are known to be inhibitors for hydroformylation catalysts, 
Rh2Cl2(CO)2(et,ph-P4) is not a particularly good precursor species for 
hydroformylation.
The bimetallic complex racm/c-[Rh2(nbd)2(et,ph-P4)][BF4]2 (nbd = 
norbomadiene) is a halide-free precursor that generates a remarkably selective and 
active hydroformylation catalyst for a-olefins and demonstrates the most dramatic 
example of bimetallic cooperativity ever seen in homogeneous catalysis. Table 1.1 
shows the results for the hydroformylation of hexene.
The aldehyde linear to branched (1/b) ratio demonstrates the better 
regioselectivity of the racemic bimetallic catalyst relative to the commercial 
monometallic or the meso bimetallic catalyst, the latter o f which is also much slower 
and has higher side reactions (alkene isomerization and alkene hydrogenation).**
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Table 1.1 Hydroformylation of 1-hexene with 1:1 H2/CO at 90°C 









639 28:1 8% 4%
PPhj
oc-Rh-H (0.82 M PPh]) 
PPh)
540 17:1 3% 3%
m eso- 55 14:1 24% 10%
The reason for the difference in behavior of the bimetallic meso and the 
racemic catalysts has been explained by the proposed mechanism shown in Fig. 1.4. 
This mechanism hinges on the formation of dicationic species. The hexacarbonyl 
complex in the upper left hand comer can be considered the resting state of the 
catalyst. The localized cationic charge on each Rh center weakens the rr-back 
bonding to the CO ligands making them quite labile. This opens up a coordination 
site on one of the Rh atoms allowing oxidative addition of Hz. forming the mixed 
oxidation state dinuclear complex shown on the top right of Figure 1.4. 
Rearrangement in step a produces a carbonyl and a hydride bridge. The oxidation 
states of the rhodium centers are different, I and III at this step. This complex 
rearranges again (step b) to form a dicationic edge-sharing bioctahedral form with
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
two CO bridges and with the oxidation state of II for both rhodium centers. The 
formation of the latter geometry makes the axial carbonyl ligands sufficiently labile for 
displacement by an alkene. This results in excellent catalytic activity which is not 
found in monomeric rhodium catalysts with 5-membered chelate ring diphosphine 




o“ Ph _  ____  ° Ph ^  "
1 “ -
" V  „ ?  H
Ph ^  Ph ^
+2Co|^ jlsiepb
<  H ~ \ 2 *  H H ~ \ 2 *
BU ^  VPh Ph\  „ „ — \2* / •CO
I Oc.̂  I ^cO + alkene
Ph
Figure 1.4. Proposed mechanism for the racemic bimetallic 
hydroformylation catalysts.
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Doubly-bridged catalyst species with edge-sharing bioctahedral geometries are 
generated during most steps of this mechanism. This geometry is favored by racemic 
bimetallic complexes, but the bimetallic meso compounds require higher energy 
because of the syn arrangement of the chelate rings in the meso ligand.
Figure 1.5 shows molecular modeling studies of racemic and meso 
RhiH2 (CO)2(et,ph-P4 ) catalysts that illustrate the effect of the ligand stereochemistry 
in the intramolecular hydride transfer. Although these studies were done based on the 
originally proposed neutral catalyst, they still nicely illustrate meso versus racemic 
intramolecular stereochemical factors. The formation of a doubly bridged geometry is 
sterically difficult for meso bimetallic complexes, thereby inhibiting the formation of 
the active catalyst. Therefore, the activity of the meso-catalysl is considerably lower 






Figure 1.5. Racemic (a) and meso (b) catalysts from molecular 
modeling studies.
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There is, o f course, considerable interest in the separation of the 
diastereomeric ligands because the bimetallic meso rhodium catalyst is not as active 
(or selective) as the racemic one. Another reason to separate the diastereomers is to 
facilitate the isolation of the R,R- and ^^.î-enantiomers from the racem/c-et,ph-P4. 
There is special interest in the enantiomeric separation because molecular modeling 
docking studies performed by Prof Stanley indicated that the R,R- or 
•S',5 '-[Rh2H2(M.-CO)2(CO)2(et,ph-P4 )]^^ catalyst should have enough of an asymmetric 
environment to induce considerable enantioselectivity in the proper substrate.
Chiral synthesis is very important for the production of pharmaceuticals and 
agrochemicals. The potential market for synthetic chiral products in bulk form at the 
beginning of the next century is estimated to be worth more than $ 2  billion.* The 
different medicinal properties o f each enantiomer of a racemic drug are the main 
reason for the special interest in their separation or selective preparation. A common 
example is the analgesic ibuprofen. ^-Ibuprofen takes effect in only 12 minutes, 
whereas the racemate needs 38 minutes.
Selective preparation of the S  enantiomer would improve the properties o f the 
drug. Naproxen is other example where the ^enantiomer is an analgesic while the 
i?-enantiomer is a potent liver toxin.^* Asymmetric hydroformylation is one o f the 
most direct routes to prepare a wide variety of chiral molecules including many of the 
profen family pharmaceuticals. Some examples are shown in Scheme 1 .2 . 
Consequently, efficient diastereomeric isolation and enantiomeric separation of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
12
racem/c-et,ph-P4 ligand is crucial for studying bimetallic asymmetric 
hydroformylation catalysis.




O I Q DIQH OH
C H ,0
(S)-naproxen
Asymmetric Hydroformylation of Vinyl Acetaf
C rt- \  miW  Z , COOH................................”  —  CN
l-threonme
Scheme 1.2. Synthesis of fS^-ibuprofen, f5>naproxen and /-threonine 
by using hydroformylation route.
Our attempts at separating mixtures of racemic and mgjo-et,ph-P4 phosphines 
into the pure diastereomers by simple crystallization from hexane solution only 
produced 80% race/mc-et,ph-P4, while recrystallization from heptane solution 
produces 86-90% mcem/c-et,ph-P4 at -35°C. In order to attain higher diastereomeric 
purity, the mixed et,ph-P4 ligand was treated as shown in Scheme 1.3.^  ̂
Diastereomeric phosphines are often difficult to separate due to their similar physical 
properties. Ni(II) complexes have been successfully used to accentuate solubility 
differences between diastereomeric phosphines allowing separation of the
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nickel/ligand coraplexes.^^’̂ '* These Ni-phosphine complexes can then be treated with 
aqueous cyanide solutions under phase transfer conditions (e.g., HzO-hexane) to 
recover pure phosphine isomers. The water soluble [Ni(CN)4 ]̂ ~ (yellow in aqueous 
solution) or the [Ni(CN)s]^' (orange red in aqueous solution) complexes stay in the 
aqueous phase while the neutral phosphines partition into the organic phase.
This separation method, however, produced different yields every time it was 
used, particularly for the valuable racemic diastereomer. Therefore, this procedure is 
still under investigation in order to discover how to obtain consistent and improved 
yields. This dissertation makes major contributions to the identification of various 









1 NaCN I HgO I heptane A I




Scheme 1.3. Initial procedure for the separation of the racemic- and 
/n«o-(Et2PCH2CH2)(Ph)PCH2P(Ph)(CH2CH2PEt2), 
et,ph-P4
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Chapter 2
Synthesis and Characterization of the Nickel Thiocyanate Complexes with 
et,Ph-P4 Ligands
2.1. Introduction
Nickel(n) complexes with phosphine ligands are of interest as catalysts,*'^ for 
the separation o f diastereomeric ligands,"*  ̂ and for their relationship to complexes 
with anticancer activity/ An example of a catalyst used in organic chemistry is 
NiCl2(PPh3)2 . It catalyzes the cotrimerization of alkynes to produce benzenoid arenes 
(Scheme 2 .1 )/ the polycondensation of di- and polyhalogenated organic aromatic 
compounds by dehalogenation with magnesium under mild conditions^ and the 
synthesis o f  HT (head to tail) poly(3-alkylthiophenes).^
 CO 2 CH3
\
5% NiCl2 (PPh3)2  





Scheme 2.1 The cotrimerization of alkynes by NiCl2(PPh3 ) 2  
A large number of nickel compounds have been prepared and characterized. 
Nickel complexes containing bulky tertiary phosphine ligands generally have 
tetrahedral coordination about the metal center for halide complexes.*’’ The related 
thiocyanates are often square planar and, in many cases, octahedral coordination is
16
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preferred because of inter- or intra- molecular interactions. The ambidentate nature 
of the NCS' led to comparative studies of complexes of the type 
M(NCS)2[CH3P(C6Hs)2 ] 2  (M = Ni, Pd, Pt). From the six possible square planar 
isomers for complexes of this type, viz. cis and irons N-bound, cis and irons S-bound 
and cis and irons mixed linkage isomers and three possible analogous tetrahedral 
isomers, the nickel complex forms only one structural type both in solution and in the 
solid state., that is /m«j-Ni(NCS)2L2 . The harder Ni(+2) center will bind to the 
nitrogen end of thiocyanate because o f electronic effects. Larger steric effects can 
change the overall geometry but the thiocyanate bonding mode usually does not 
change.
When a bidentate ligand like l,2-bis(diphenylphosphino)ethane (dppe, 1) is 
used the structures are cw-square-planar and the thiocyanate is binding via the N 
atom." However, the structure of Ni(dpdo)(NCS) 2  (dpdo =
l,8-bis(diphenylphosphino)-3,6-dioxaoctane, Ph2P(CH2)2 0 (CH2)2 0 (CH2)2PPh2), 2) is 
/m/is-square-planar and the thiocyanate is, once again, bound to the metal by the 
nitrogen-donor atom." Lippard and coworkers'* used the formation of the nickel 
thiocyanate complex for the separation o f  the diastereomers of the dinucleating ligand 
onii- and .^»-[2 2 ]P2 0 2 N3, 3, the a«//-(P2Ni(NCS)2 |H2N3)(NCS)2, structure is 
c«-square-planar about the nickel atom. There was a spontaneous resolution of the 
rocemic mixture upon crystallization and the enantiomers were separated by the 
Pasteur method. This chapter represents another contribution to the chemistry of 
nickel(II) thiocyanate phosphine complexes. In this case, the products o f the reaction
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Figure 2.1. l,2-bis(diphenylphosphino)ethane (dppe, 1),
l,8-bis(diphenylphosphino)-3,6-dioxaoctane (dpdo, 2), 
anti- and .̂ /M-[2 2 ]P2 0 2 N3, 3.
2.2. Results and Discussion
2.2.1. Monomeric Meso Nickel Thiocyanate Compounds
When one equivalent of nickel thiocyanate reacted with one equivalent of 
mixed racemic,meso-eX,^\\-VA ligand in EtOH the monomeric meso nickel ligand 
complex precipitated. The solid was collected by filtration. The compounds left in 
the ethanolic solution were used (after evaporation of ethanol) to isolate racemic- 
et,ph-P4 ligand. The separation of the ligand consists o f displacing the coordinated 
Ni from the et,ph-P4 ligand by CN~ ligands. The free et,ph-P4 ligand obtained from 
the nickel complexes left in the ethanolic solution by this procedure was 
approximately 80% race/w/c-et,ph-P4. This result shows that the meso monomer 
nickel complex is slightly soluble in EtOH and that we are not getting 100% 
separation of the racemic + meso complexes.
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A single-crystal X-ray structure on the m«o-[Ni(NCS)(r|^-et,ph-P4)]'*'
complex 4 is shown in Rgure 2.2. The geometry around the metal is distorted square 














Figure 2.2 X-ray crystal structure of me50-[Ni(NCS)(r|^-et,ph- 
P4)][NCS], 4.
Compound 4 was recrystallized from EtOH/DCM solution and the COSY 
*̂P{ ‘H}NMR of these crystals in CD2CI2 solution is shown in Figure 2.3.






Figure 2.3. COSY ^*P{'H} NMR of OTe5 o-[Ni(NCS)(et,ph-P4 )]- 
[NCS], 4 in CD2CI2.
The doublet at -23 ppm is clearly due to the uncoordinated P3 because this 
phosphorus atom has higher electron density and a higher upfield chemical shift since 
it is not binding to a metal.
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The doublet of doublets at 71.3 ppm clearly belongs to P2, it has a significant 
downfield chemical shift because the phosphorus atom is part of a five membered 
chelate ring.*^ The trans phosphorous coupling constant (Jp2-p4= 247 Hz) is larger 
than cis coupling (Jpi-p4= 62 Hz) so the PI resonance is a triplet of doublets at 60.3 
ppm. P4 is a doublet o f doublets at 15.3 ppm.
The IR spectrum of this compound (Appendix A.2.) shows the CN stretching 
frequency o f the thiocyanate groups at 2107 cm"' and 2061 cm"'. The fi’equency o f 
the CN stretch in the thiocyanate increases from free ionic salts to NCS coordinated 
compounds.'^ Therefore the second frequency can be assigned to the free anionic 
thiocyanate group and the first one to the thiocyanate coordinated to the nickel 
center.
When pure mei’o-et,ph-P4 (>98%) was used instead of the mixed ligand the 
precipitate was once again identified as compound 4, but another compound was 
found in the methanolic solution. The COSY ^'P{'H} NMR of this methanolic 
solution is shown in Fig 2.4.
It was initially thought that the signals were broad because there was an 
equilibrium between two structures because o f a labile nickel complex equilibrium.'^ 
However, crystals o f compound 4 precipitated from this solution after two weeks. 
Compound 4 was definitely identified by another X-ray structure determination. The 
precipitation of /we50-[Ni(NCS)(et,ph-P4)](NCS) (4) indicates that the unknown 
compound is most likely an intermediate product on the way to forming 4. The 
et,ph-P4 phosphine ligand is partially binding the metal in this intermediate product.
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Figure 2.4. COSY *̂P{ *H} NMR for solvated monomeric meso nickel 
compounds.
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Figure 2.5 ‘̂P{*H} NMR of the same solution in figure 2.4 after 
precipitation of 4 (after 2 weeks).
The phosphorus atoms which are not binding the nickel atom resonate at 
higher fields (signals around -15 to -35 ppm) in Figure 2.4. while the coordinated 
ones resonate around 60 to 39 ppm. Figure 2.5 shows the NMR of the products 
left in the methanolic solution after precipitation of 4. The signals are not broad as 
they were in Figure 2.4. and correspond to byproducts o f unknown nature. The 
X-ray structure of the /ncj’o-[Ni(NCS)(et,ph-P4)][NCS] crystal isolated from this 
solution (Appendix A.3.) is slightly different from that shown Figure 2.2 only in the 
orientation of the ethyl groups.
2.2.2. Monomeric Racemic Nickel Thiocyanate Compounds
The reaction of mce/w/c-et,ph-P4 ligand with Ni(NCS)z in 1 : 1  molar ratio 
should give some monomeric mcem/c-[Ni(NCS)(ri^-et,ph-P4)][NCS], 5, analogous 
to 4, but the ^*P{'H} NMR shows a complex reaction mixture.
Only the racemic nickel bimetallic complex (triplets at 52.3 ppm and 29 ppm) 
and free ligand (triplets at -18.7 ppm and -25.3 ppm) were clearly identifiable in this 
spectrum. The racemic monomeric nickel complex should have a ^'P(*H} NMR
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spectrum similar to meso nickel complex, however, those signals were not found in 
ethanolic solution. When ract;/n/c-et,ph-P4 (>98%) was used to try to prepare 5, a 
mixture of many compounds were produced. The ^*P{*H} NMR o f the products is 
shown in Figure 2 .6 .
L j m j L
Tppm 80 40 20 - J o  ' -4 0 -60
Figure 2.6. ^‘P{*H} NMR of products when mce/n/c-et,ph-P4 
(>98%) was used to try to prepare racgm/c-[Ni(NCS)(Ti^- 
et,ph-P4)][NCS], 5.
The signals for the free racemic ligand and bimetallic racemic nickel complex 
are, once again, present, but a number of other products were formed in lower yields. 
Compound 5 could be one o f these minor products. This result clearly shows the 
complexity of this reaction. Some crystals formed in the NMR tube after two months. 
X-ray crystallography indicated that this product
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([Ni2(NCS)2 (|i-SCH3)(et,ph-P4 )][NCS]) has a bridging methylthiolate group as is 
shown in Rgure 2.7. The formation of this product suggests that there was a 
reduction o f the CN moiety of the thiocyanate group to CH3 . Table 2.1 and Table 2.2 
show the distances and angles between atoms of the X-ray structure of this 
compound. Crystallographic data was: formula C3oH47N3 0 P4S4Ni2, FW 835.30, 
orange prism, crystal size 0.43x0.28x0.18 mm, space group P2i2i2i, a = 10.3503(6) 
Â, b = 11.818(1) Â, c = 32.592(3) Â, P = 90, T  = 24 “C, R = 0.052, 5687 observed 
data.
Figure 2.7. X-ray structure of [Ni2 (NCS)2(|i-SCH3) (et,ph-P4)]\
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Table 2.1 Bond Distances in Angstroms of X-ray structure of
[Ni2(NCS)2(^-SCH3)(et,ph-P4 )]^
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Nil SI 2.230(1) P4 C43 1.860(8)
Nil PI 2.133(1) NIT CIT 1.156(5)
Nil P2 2.190(1) N2T C2T 1.163(5)
Nil N IT 1.856(4) N3T C3T 1.142(9)
Ni2 SI 2.206(1) CIP C2P 1.372(7)
Ni2 P3 2.137(1) CIP C6 P 1.397(7)
Ni2 P4 2.174(1) C2P C3P 1.423(9)
Ni2 N2T 1.859(4) C3P C4P 1.41(1)
SI C2 1.809(4) C4P C5P 1.33(1)
SIT CIT 1.615(5) C5P C6 P 1.326(8)
S2T C2T 1.597(5) C7P C8 P 1.393(6)
S3T C3T 1.552(9) C7P C12P 1.376(6)
PI C l 1.839(4) C8 P C9P 1.379(7)
PI CIP 1.798(5) C9P ClOP 1.359(8)
PI C ll 1.816(4) ClOP CU P 1.361(8)
P2 C12 1.823(5) C ll C12 1.518(6)
P2 C21 1.809(6) CU P C12P 1.365(7)
P2 C23 1.820(7) C13 C14 1.530(5)
P3 C l 1.806(4) C21 C22 1.50(1)
P3 C7P 1.808(4) C23 C24 1.39(1)
P3 C13 1.813(4) C41 C42 1.44(1)
P4 C14 1.812(5) C43 C44 1.37(1)
P4 C41 1.790(8) CIS C2S 1.35(1)
Table 2.2 Bond Angles in Degrees X-ray structure o f
[Niz(NCS)2(n-SCH3)(et,ph-P4 )]+
Atom 1 Atom 2 Atom 3 Anele Atom 1 Atom 2 Atom 3 Anele
SI Nil PI 86.81(4) Ni2 P4 C43 111.5(2)
SI Nil P2 172.10(5) CM P4 C41 106.8(3
SI Nil N IT 96.9(1) CM P4 C43 103.5(3)
PI Nil P2 86.01(5) C41 P4 C43 108.3(4)
PI Nil N IT 174.1(1) Nil NIT CIT 169.7(4)
P2 Nil NIT 90.0(1) Ni2 N2T C2T 175.5(4)
SI Ni2 P3 91.65(4) PI Cl P3 116.1(2)
SI Ni2 P4 170.29(6) SIT CIT N IT 179.0(4)
SI Ni2 N2T 93.8(1) PI CIP C2P 119.1(4)
P3 Ni2 P4 86.06(5) PI CIP C6 P 121.5(4)
[Table continues]
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P3 Ni2 N2T 174.0(1) C2P CIP C6 P 119.3(5)
P4 Ni2 N2T 88.9(1) CIP C2P C3P 117.5(6)
Nil SI Ni2 119.97(5) S2T C2T N2T 178.6(5)
Nil SI C2 106.2(2) C2P C3P C4P 119.2(7)
Ni2 SI C2 110.9(2) S3T C3T N3T 172.6(9)
Nil PI Cl 118.1(1) C3P C4P C5P 121.4(7)
Nil PI CIP 112.4(2) C4P C5P C6 P 119.5(8)
Nil PI C ll 1 1 0 . 1 (2 ) CIP C6 P C5P 123.1(6)
Cl PI CIP 104.3(2) P3 C7P C8 P 121.0(3)
Cl PI C ll 105.6(2) P3 C7P C12P 120.3(3)
CIP PI C ll 105.6(2) C 8 P C7P C12P 118.6(4)
Nil P2 C12 109.3(2) C7P C8 P C9P 119.4(5)
Nil P2 C21 116.0(2) C 8 P C9P ClOP 120.3(5)
Nil P2 C23 114.3(2) C9P ClOP CUP 120.8(5)
C12 P2 C21 107.1(3) PI C ll C12 107.7(3)
C12 P2 C23 103.4(3) ClOP CU P C12P 119.4(5)
C21 P2 C23 105.9(3) C7P C12P CUP 121.3(5)
Ni2 P3 Cl 117.7(1) P2 C12 C ll 106.9(3)
Ni2 P3 C7P 1 1 1 .8 ( 1 ) P3 CI3 C14 107.7(3)
Ni2 P3 C13 109.7(1) P4 C14 C13 107.1(3)
Cl P3 C7P 107.9(2) P2 C2I C22 109.8(4)
Cl P3 C13 103.6(2) P2 C23 C24 114.9(7)
C7P P3 C13 105.2(2) P4 C41 C42 114.3(6)
Ni2 P4 C14 110.4(1) P4 C43 €44 121.5(6)
Ni2 P4 C4I 115.7(3)
2.2.2.1 . Racemic Phosphine Sulfide Compounds
An impurity was present in the racemic-et,ph-?4 ligand that was recovered 
from the cyanolysis of bimetallic racemic nickel thiocyanate. This impurity was 
crystallized from hexane solution at -35°C. The ORTEP diagram of this compound is 
shown in Figure 2.8 (X-ray data in Appendix A.3). Surprisingly, the unknown 
compound was an et,ph-P4 ligand with one P=S bond: racemic-
(Et2PCH2CH2)(Ph)PCH2P(S)(Ph)(CH2CH2PEt2), et,ph-P3,Pmt=S, 6 . The elemental 
analysis confirmed the presence of the sulfur atom in this compound. The P=S bond
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distance is 1.96Â. Crystallographic data was: formula C25H40P4S, FW 496.56, 
colorless needles, crystal size 0.62x0.15x0.08 mm, space group C 2/c, a = 28.542(2) 
Â, b = 18.620(3) Â, c = 12.231(1) Â, p = 113.21, T = 24 °C, R = 0.124, 2167 
observed data. Tables 2.3 and 2.4 show distances and angles between atoms of the 
X-ray structure of this compoimd.
K
Figure 2.8. ORTEP diagram of rac?m/c-(Et2PCH2CH2)(Ph)- 
PCH2P(S)(Ph)(CH2CH2PEt2),et,ph-P3 , PmF=S, 6 .
Table 2.3 Bond Distances in Angstroms of X-ray structure of 
rflce/n/c-(Et2PCH2CH2)(Ph)PCH2P(S)(Ph)(CH2CH2PEt2) 
,et,ph-P3, Piot=S, 6 .
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
SI PI 1.956(4) C6 C ll 1.37(1)
PI C l 1.796(7) Cl C8 1.37(1)
PI C2 1.79(1) C8 C9 1.38(2)
PI C6 1.782(9) C9 CIO 1.33(2)
P2 C l 1 .8 6 ( 1 ) CIO C ll 1.37(1)
[Table continues]
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P2 C4 1.85(1) C12 C13 1.35(1)
P2 C12 l.S55(S) C12 C17 1.36(1)
P3 C3 1.79(1) C13 CM 1.39(1)
P3 CIS l.SS(2) C14 C15 1.38(2)
P3 C20 l.S2(2) C15 C16 1.32(2)
P4 C5 l.S2(l) C16 C17 1.37(1)
P4 C23 1.85(1) CIS C19 1.17(3)
P4 C24 1.9S(1) C20 C21 1.46(3)
C2 C3 1.52(1) C22 C23 1.29(2)
C4 C5 1.49(1) C24 C25 1 .2 0 (2 )
C6 C7 1.34(1)
Table 2.4 Bond Angles in Degrees of X-ray structure of
racem/c-(Et2PCH2CH2)(Ph)PCH2P(8 )(Ph)(CH2CH2PEt2)
et,ph-P3, Pi„t=8, 6.
Atom 1 Atom 2 Atom 3 Anele Atom 1 Atom 2 Atom 3 Angle
SI PI Cl 114.0(4) PI C6 C7 123.5(7)
81 PI C2 112.1(3) PI C6 C ll 117.5(7)
81 PI C6  114.7(3) C7 C6 C ll 119.0(8)
Cl PI C2 106.4(4) C6 C7 CS 121.6(9)
Cl PI C6  104.3(4) C7 CS C9 119(1)
C2 PI C6  104.5(5) CS C9 CIO 118.4(9)
Cl P2 C4 9S.4(5) C9 CIO C ll 1 2 2 ( 1 )
Cl P2 C12 101.0(4) C6 C ll CIO 119.0(9)
C4 P2 C12 99.7(4) P2 C12 C13 123.6(7)
C3 P3 CIS 95.4(6) P2 C12 C17 116.3(7)
C3 P3 C20 9S.5(7) C13 C12 C17 1 2 0 . 1 (8 )
CIS P3 C20 96.9(8) C12 C13 CM 1 2 0 ( 1 )
C5 P4 C23 97.6(7) C13 CM C15 119(1)
C5 P4 C24 95.2(5) C14 C15 C16 119.5(9)
C23 P4 C24 92.3(7) C15 C16 C17 1 2 2 ( 1 )
PI Cl P2 112.6(5) C12 C17 C16 119(1)
PI C2 C3 115.2(7) P3 CIS C19 116(1)
P3 C3 C2 122.4(8) P3 C20 C21 91(1)
P2 C4 C5 112.6(8) P4 C23 C ll 1 1 0 ( 1 )
P4 C5 C4 113.1(8) P4 C24 C25 113(1)
The reaction of 1 equivalent o f 6  with I equivalent of Ni(NCS) 2  gave 
rorce/n/c-[Ni(NCS)(Ti^-et,ph-P3,Pini=S))][NCS], 7. This nickel complex was 
recrystallized from dioxane/DCM solution by evaporation of solvent at ambient
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conditions. The ORTEP diagram is shown in Rgure 2.9. The metal geometry is 
pseudo-square planar, with a weak axial Ni -S interaction of 2.662 Â. Table 2.5. 
and Table 2.6 show distances and angles for the X-ray structure. The crystallographic 
data is: formula NiC29H44N20P4S3, red-orange prism, 0.30x0.20x0.15 mm, space 
group P2 ,/n, a = 9.4879(11) Â, b = 32.479(3) Â, c = 11.6384(10) A, (3 = 100.880(9), 










Figure 2.9. ORTEP diagram of racemic-[Ni(NCS)(q^-et,ph- 
P3,Pmf=S))][NCS], 7.
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Table 2.5. Bond Angles in Degrees o f m c4»/7j/c-[Ni(NCS)(Ti^-et,ph- 
P3,Pu,.=S))][NCS], 7.
Atom 1 Atom 2 Atom 3 Anele Atom 1 Atom 2 Atom 3 Ancle
SI Ni P2 90.08(5) C22 P4 C24 103.7(3)
SI Ni P3 91.68(5) Ni NI C26 172.8(4)
SI Ni P4 97.38(5) PI Cl P2 1 1 2 .2 (2 )
SI Ni NI 1 0 1 .6 ( 1 ) PI C2 C3 115.7(3)
P2 Ni P3 93.94(5) P3 C3 C2 116.7(3)
P2 Ni P4 86.13(5) P2 C4 C5 109.7(3)
P2 Ni NI 167.7(1) P4 C5 C4 108.8(4)
P3 Ni P4 170.94(7) PI C6 Cl 121.6(3)
P3 Ni NI 89.5(1) PI C6 C ll 119.3(3)
P4 Ni NI 8 8 .6 ( 1) C7 C6 C ll 119.0(4)
SI PI Cl 111.7(1) C6 C l C8 121.3(4)
SI PI C2 114.9(1) C7 C 8 C9 118.9(4)
SI PI C6 112.9(1) C8 C9 CIO 121.0(5)
Cl PI C2 105.0(2) C9 CIO C ll 119.9(5)
Cl PI C6 106.4(2) C6 C ll CIO 119.9(5)
C2 PI C6 105.2(2) P2 C12 C13 125.3(3)
Ni P2 Cl 112.7(1) P2 C12 C17 115.2(3)
Ni P2 C4 110.5(1) C13 C12 C17 119.5(4)
Ni P2 C12 116.3(1) C12 C13 C14 119.0(4)
Cl P2 C4 104.4(2) C13 C14 C15 122.0(4)
Cl P2 C12 108.6(2) C14 C15 C16 119.4(5)
C4 P2 C12 103.4(2) C15 C16 C17 120.2(5)
Ni P3 C3 118.1(1) C12 C17 C16 119.8(4)
Ni P3 C18 115.0(2) P3 C18 C19 114.5(3)
Ni P3 C20 1 1 0 .0 ( 1 ) P3 C20 C21 116.3(3)
C3 P3 C18 101.5(2) P4 C22 C23 117.2(5)
C3 P3 C20 104.4(2) P4 C24 C25 122.9(6)
C18 P3 C20 106.8(2) S2 C26 NI 179.2(4)
Ni P4 C5 106.8(2) S3 C27 N2 178.0(5)
Ni P4 C22 115.6(2) CIS OIS C2S 109.8(6)
Ni P4 C24 117.0(2) OIS CIS C2S 114.5(8)
C5 P4 C22 104.9(3) OIS C2S CIS 116.8(7)
C5 P4 C24 108.1(3)
Table 2 .6 . Bond Distances in Angstroms o f mce/w/c-[Ni(NCS)(t|^-
et,ph-P3,Pi„.=S))][NCS], 7.
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
[Table continues]
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Ni SI 2.662(2) C l C8 1.380(7)
Ni P2 2.154(1) C8 Cl 1.380(7)
Ni P3 2.231(1) C8 C9 1.371(7)
Ni P4 2.196(1) C9 C8 1.371(7)
Ni NI 1.879(4) C9 CIO 1.376(8)
SI PI 1.969(2) CIO C9 1.376(8)
82 C26 1.604(5) CIO C ll 1.379(8)
S3 C27 1.624(5) C ll C6 1.391(7)
PI SI 1.969(2) C ll CIO 1.379(8)
PI Cl 1.808(4) C12 P2 1.817(4)
PI C2 1.807(4) C12 C13 1.378(5)
PI C6 1.804(5) C12 C17 1.393(7)
P2 Ni 2.154(1) C13 C12 1.378(5)
P2 Cl 1.837(5) CI3 CM 1.380(6)
P2 C4 1.833(4) C14 C13 1.380(6)
P2 C12 1.817(4) CM C15 1.359(8)
P3 Ni 2.231(1) C15 CM 1.359(8)
P3 C3 1.821(4) C15 C16 1.368(7)
P3 C18 1.818(5) C16 C15 1.368(7)
P3 C20 1.821(5) C16 C17 1.390(7)
P4 Ni 2.196(1) C17 C12 1.393(7)
P4 C5 1.811(6) C17 C16 1.390(7)
P4 C22 1.808(7) C18 P3 1.818(5)
P4 C24 1.799(7) C18 CI9 1.508(8)
NI Ni 1.879(4) C19 C18 1.508(8)
NI C26 1.149(6) C20 P3 1.821(5)
N2 C27 1.140(6) C20 C21 1.520(7)
Cl PI 1.808(4) C21 C20 1.520(7)
Cl P2 1.837(5) C22 P4 1.808(7)
C2 PI 1.807(4) C22 C23 1.48(1)
C2 C3 1.526(6) C23 C22 1.48(1)
C3 P3 1.821(4) C24 P4 1.799(7)
C3 C2 1.526(6) C24 C25 1.38(1)
C4 P2 1.833(4) C25 C24 1.38(1)
C4 CS 1.489(7) C26 S2 1.604(5)
C5 P4 1.811(6) C26 NI 1.149(6)
C5 C4 1.489(7) C ll S3 1.624(5)
C6 PI 1.804(5) C27 N2 1.140(6)
C6 C7 1.378(6) OIS CIS 1.41(1)
C6 C ll 1.391(7) OIS C2S 1.390(9)
C7 C6 1.378(6) CIS C2S 1.38(1)
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This compound was also detected by NMR spectroscopy as a byproduct 
from the synthesis o f the bimetallic racemic nickel complex. /?crcew/c-[Ni(NCS)(Ti^- 
et,ph-P3, Pmt=S))][NCS], 7 is soluble in ethanol which made it difiBcult to separate 
from the bimetallic racemic nickel complex. Therefore, column chromatography was 
used to separate it. The COSY ̂ ^P{‘H} NMR spectra o f the separated byproduct 7 is 
shown in Figure 2.10.
80








Figure 2.10. COSY ^'P{‘H} NMR of mcem/c-[Ni(NCS)(Ti^-et,ph-P3, 
Pint=S))][NCS], 7. Stars mark an impurity complex 
(the bimetallic race;/n/c-Ni2 (NCS)4-(et,ph-P4 ), 9)
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Although PI is not binding to the metal, it is shifted downfield (a triplet at 
44.1 ppm) because it is boimd to a sulfur atom. The P4 resonance is a doublet of 
doublets at 76.4 ppm because phosphorus atoms are in the five-membered chelate 
ring. The trans coupling constants ((Jp3-P4= 247 Hz) are higher than the cis coupling 
constants (Jp3-P2= 109 Hz.); therefore, the triplet o f doublets at 56.4 ppm belongs to 
P2 and the doublet of doublets at 1.6 ppm belongs to P3.
The IR spectrum (Appendix A2) shows Vcn of the thiocyanate groups at 
2091 cm'* and 2051 cm *. The first one belongs to the thiocyanate group bound to 
the nickel center and the latter belongs to the free anionic thiocyanate group. The 







Figure 2.11. Possible interactions of the lone pair in the racemic- 
[Ni(NCS)(n^-et,ph-P4)]+ and /ne50-[Ni(NCS)(T|^-et,ph- 
P4)]+
We believe that the sulfur atom came from the thiocyanate in the nickel 
complex that was used to recover the et,ph-P4 ligand. Nickel complexes have been 
used for activation of C-S bonds, but this typically results in desulfurization or
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polymerization.^’*® Such P=S products were only found in the racemic ligand 
complexes. A comparison of the possible structure of race/n/c-[Ni(NCS)(et,ph-P4)]* 
(5) with the one o f /we50-[Ni(NCS)(et,ph-P4)]^ (4) shows that the phosphorus lone 
pair on P3 in the race/w/c-et,ph-P4 may interact with the metal center in 
mce/w/c-[Ni(NCS)(et,ph-P4)]^. We believe that this interaction somehow causes the 
transfer of the sulfur atom of the thiocyanate group to the phosphorus atom (see 
Figure 2.11.). This is a slow process because the presence of raceOT/c-[Ni(NCS)(T|^- 
et,ph-P3,Pini=S))][NCS] (7) was detected when the bimetallic racemic nickel complex 
was stored for more than two days.
The stereochemical differences between the meso and racemic monometallic 
complexes shown in Figure 2 . 1 1  may also account for the differences in the stabilities 
o f each complex. As we have noted, the /nc'jo-Ni(NCS)(ii^-et,ph-P4)''’ monometallic
complex is readily formed, while we have not been able to identify the racemic 
monometallic complex . The ability of the lone pair on P3 to interact with the Ni 
center in the racemic complex could lead to dissociation of P2, P4 or PI and the 
destabilization o f the monometallic complex. It also could lead to the selective 
transfer o f S from NCS" to P3 (or PI).
2.2.3. Bimetallic Meso Nickel Thiocyanate Compounds
The bimetallic meso nickel complex was obtained by adding mixed 
race/w/c,we50-et,ph-P4 ligand to Ni(NCS) 2  in a 1:2 molar ratio in EtOH.
Nickel thiocyanate is only slightly soluble in cold ethanol, so the reaction was 
slow (48 hours) at room temperature. The bimetallic racemic nickel complex stayed
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in solution and the meso complex precipitated. The bimetallic meso-Ni2(NCS)4 (et,ph- 
P4), 8 , complex is insoluble in EtOH and MeOH and this property is useful for the 
total separation of the diastereomeric complexes. In previous work, the bimetallic 
m^jo-Ni2(NCS)4 (et,ph-P4 ) complex was crystallized as air-stable yellow-orange 








ppm 76 74 72 70 68 66 64 62 60 58 56
Figure 2.12. ORTEP diagram and ^*P{‘H} NMR (in CD2CI2 ) of 
bimetallic meso-Ni2(NCS)4(et,ph-P4 ), 8 .
This product was characterized by a single X-ray structure determination and 
by ‘̂P{‘H} NMR. The ORTEP diagram is shown in Figure 2.12. The geometry for 
each metal center is square planar. The metal-metal distance is a fairly large 6.302 Â, 
consequently, there is no Ni-Ni bond. The Ni-P—P-Ni torsion angle is 148°. The 
bridging and chelating nature of the et,ph-P4 ligand can be clearly seen in the ORTEP
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plot/^ The structure is very similar to that observed for /weJO-Ni2Cl4 (et,ph-P4 ).‘’ 
The NMR is also shown in Figure 2.12. The doublet resonance at 73.7 ppm
belongs to the external phosphorus atoms, and the internal phosphorus atoms 
resonate as a doublet at 55.7 ppm (Jpmt-pat = 79, Jp.H = 10)). The IR spectrum 
(Appendix A.2) shows the Vcn for the coordinated NCS at 2097 and 2071 cm '\
2.2.4. Bimetallic Racemic Nickel Thiocyanate Compounds
Bimetallic racemic species were obtained in the same way as above, the 
difference is that the bimetallic meso nickel complex is not soluble in ethanol while the 
racemic species is soluble. The bimetallic mce/;;/c-Ni2(NCS)4(et,ph-P4 ), 9, therefore, 
stayed in the ethanolic solution. After the solvent was evaporated an amorphous 
dark-red colored solid was characterized as the bimetallic complex racemic- 
Ni2(NCS)4(et,ph-P4 ), 9. The ^'P{*H} NMR of the this compound in EtOH is shown 
in Figure 2.13. The IR shows the Vc=n of the NCS group at 2097 and 2041 cm"\ 
indicating the presence of two cisoidal coordinated thiocyanate groups (see Appendix 
A.2).
^*P{*H} NMR spectrum of the ethanol soluble compounds in acetone-de is 
shown in Figure 2.14. The signals for compound /?acc/77/c-[Ni(NCS)(r|^-et,ph-P3 , 
Pint=S))][NCS], 7 and bimetallic racemic nickel complex 9 are present along with 
another set of resonances that belong to a compound that was also obtained (and later 
identified) after heating the bimetallic racemic nickel complex in water.
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1
ppm 60 55 50 45 40 35 30
Figure 2.13. NMR of the bimetallic racemic-














Figure 2.14. ^'P{'H} NMR of ethanol soluble racemic-mckd 
compounds in acetone-dg.
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ppm 60 40 20
Figure 2.15. COSY NMR of the products left after heating
bimetallic racemic nickel complex in water. The main 
species is proposed to be race/77/c-[Ni(NCS)(et,ph- 
P3,Pint=0)]\ 10.
The resonances for compound 7 are present because the bimetallic racemic 
nickel complex used for this experiment had 7 as an impurity. However, none of the 
signals for mcem/c-Ni2(NCS)4 (et,ph-P4 ), 9 are present in Figure 2.15. Certain 
similarities were noticed in comparing Figure 2.15 with Figure 2.10 (compound 7).
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In Hgure 2.10, the PI resonance in 7 is a triplet at 44.1 ppm, because it is binding a 
sulfur atom. The P4 resonance is a doublet of doublets at 76.4 ppm. The triplet of 
doublets (or multiplet) at 56.4 ppm belongs to P2, and the doublet of doublets at 1.6 
ppm belongs to P3. Similarly, in Rgure 2.15, there is a triplet at 47.9 ppm, a doublet 
of doublets at 77 ppm, a multiplet at 58.6 and a doublet of doublets at 6  ppm. 
Consequently, we proposed that the unknown compound is similar to 7, except that 
the sulfur atom is replaced by an oxygen to give race/n/c-[Ni(NCS)(Ti^-et,ph- 
P3,Pinf=0)]^, 10. The ^‘P NMR signals are shifted downfield because oxygen is more 
electronegative than sulfur, so the phosphorus atoms have less electron density. It is 
possible that the oxygen atom came from some O? in the water where the bimetallic 
racemic nickel complex was heated.
When 80% racemic and 20% /nejo-et,ph-P4 were used to make the bimetallic 
nickel complexes, the yield of bimetallic racem/c-nickel complex 9 decreased, and the 
^*P{*H} NMR of the precipitate (CD2CI2) showed four extra peaks besides the 
bimetallic meso nickel complex resonances. A doublet at 75.7 ppm and a doublet at
55.4 ppm in the ‘̂P{*H} NMR spectra belong to this unknown compound X. The 
same kind of precipitate was obtained when the ratio of Ni(NCS)2  and mixed et,ph-P4 
in the reaction was 3:1, and when the reaction was stirred for more than 48 hours. 
Generally nickel(ll) complexes have shown facile conformational changes, so the 
extra peaks could be another conformation of the bimetallic racemic nickel complex.
In order to demonstrate this, a nonprotic solvent was used to extract the unknown 
compound and after separation the compound was treated with a protic solvent to
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check the formation of other conformation. It is known that sometimes the 





_ Bimetallic fneso-Ni2(NCS)4(et,ph-P4) ^ 
# # »  wwipaMliiWN^^
PP"» 76 74 72 70 66 64 62 60 58 56
Figure 2.16. Comparison of the NMR spectra of 8 (below) to X 
(above)
CH3NO2 was used as non-coordinative (nonprotic) solvent to separate and 
isolate compound X and then MeOH was added to this solution. The formation of 
the bimetallic racew/c-Ni2(NCS)4(et,ph-P4 ), 9 was detected by ^‘P NMR 
spectroscopy (Appendix A.1). However the results were not conclusive because the 
unknown compound is not very soluble in either solvent so the spectra were very
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noisy. Comparison of the NMR spectrum of the bimetallic meso- 
Ni2(NCS)4 (et,ph-P4 ) to the one of the X compound shows that the unknown 
compound has a symmetrical structure (Figure 2.16). The chemical shift for the 
external phosphorus atoms is 76.5 ppm and the internal phosphorus resonate at 56 
ppm (J p in t-P e x t=  75 Hz).
75 65 60 5570ppm
ppm -18 -28-20 -26-22 -24
Figure 2.17 (a) *̂P NMR of a mixture o f 80% X and 20% 5 
compounds, (b) ^‘P NMR of the 80% racemic, 2 0 % 
/wc?iO-et,ph-P4 ligand product from cyanolysis of the 
mixture shown in (a).
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This unknown compound was not seen before because most of the 
NMR spectra were taken either in ethanolic solution or C D C I 3  solution and the 
unknown compound is not soluble in either of these solvents. The unknown 
compound was extracted with acetone up to a mixture of 80% X compound and 20% 
8  (approx.). NMR spectrum of this mixture is shown in Figure 2.17(a).
This mixture of compounds was treated with NaCN in order to recover the P4 
ligand. The yield of phosphine product was 65% and it was a mixture of 80% 
racemic- and 20% mesf?-et,ph-P4 (^'P NMR Figure 17(b)). This experiment clearly 
shows that X is a racemic nickel thiocyanate compound. Consequently, we believe 
that the known bimetallic racemic nickel complex shown in Figure 2.13 is a solvated 
complex and that X is the true unsolvated bimetallic racemic complex. This would 
explain the large difference in the chemical shifts of the NMR of the
bimetallic racemic complex from those of the bimetallic meso complex that we saw in 
Figures 2.12 and 2.13. The bimetallic racemic- and mejo-Ni2CLj(et,ph-P4 ) 
complexes, for example, have very similar ^*P{‘H} NMR spectra: Pext at 75.4 ppm for 
racemic complex and 74.3 ppm for meso complex. Pm, for racemic complex at 58.0 
and 58.3 ppm for the meso complex.*’ These similarities should hold for racemic- 
and m^5 o-Ni2(NCS)4 (et,ph-P4 ). Consequently, the existence of a solvated bimetallic 
racemic complex can explain these differences. The *H NMR in CDCI2 (see 
Appendix A.1.) shows signals for EtOH at 5.3 ppm and 3.5 ppm present in the 
compound 9.
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Compound X was crystallized under inert atmosphere from an acetone 
solution. The X-ray structure of the crystals is shown in Rgure 2.18. The structure is 
that of chiral Ni2(NCS)4(et,ph-P4 ), it seems that X spontaneously resolved itself 
during crystallization. The structure, however, is not good enough for absolute 
structural determination. Table 2.7. and Table 2.8. show the bond distances and 
angles between atoms of this X-ray structure. The positional parameters of this 
structure are in Appendix A.3.
P3
P4
Figure 2.18. X-ray structure of the chiral Ni2(NCS)4 (et,ph-P4 ).
Table 2.7. Bond Distances in Angstroms of the X-ray structure of 
the chiral Ni2(NCS)4(et,ph-P4 ).
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Nil PI 2.154(4) C21 C22 1.57(3)
Nil P2 2.151(4) C23 C24 1.52(2)
Nil N IT 1 .8 8 ( 1 ) C41 042 1.56(2)
Nil N2T 1.89(1) C43 044 1.53(2)
Ni2 P3 2.141(4) CIP 02P 1.38(2)
Ni2 P4 2.161(4) CIP 06P 1.39(2)
Ni2 N3T 1 .8 8 ( 1 ) C2P 03P 1.38(2)
[Table continues]
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Ni2 N4T 1 .8 8 ( 1 ) C3P C4P 1.43(2)
P I C 1 .85(1) C4P C5P 1.35(2)
PI C ll 1 .82(2) C5P C6 P 1.39(2)
PI CIP 1 .8 6 ( 1 ) C7P C8 P 1.41(2)
P2 C12 1 .84(1) C7P C12P 1.41(2)
P2 C21 1 .85(2) C8 P C9P 1.46(3)
P2 C23 1 .85(2) C9P ClOP 1.30(3)
P3 C 1 .84(1) ClOP C U P 1.33(3)
P3 C13 1 .83(2) CUP C12P 1.47(3)
P3 C7P 1 .81(2) SIT CIT 1.60(1)
P4 C14 1 .84(1) CIT N IT 1.16(2)
P4 C41 1 .8 6 ( 1 ) S2T C2T 1.61(2)
P4 C43 1 .84(2) C2T N2T 1 .1 2 (2 )
C l l C12 1 .55(2) S3T C3T 1.59(1)
C13 C14 1 .55(2) C3T N3T 1.15(2)
S4T C4T 1 .60(2) C4T N4T 1.15(2)
Table 2.8. Bond Angles in Degrees of the X-ray structure: of the
chiral Niz(NCS), (et,ph-P4).
Atom 1 Atom 2 Atom 3 Anale Atom 11 Atom 2 Atom 3 Anale
PI Nil P2 8 6 .2 ( 1 ) C12 P2 C23 104.7(7)
PI Nil NIT 174.6(4) C21 P2 C23 106.9(7)
PI Nil N2T 93.1(4) Ni2 P3 C 121.2(5)
P2 Nil NIT 88.5(4) Ni2 P3 C13 111.5(4)
P2 Nil N2T 176.2(4) Ni2 P3 C7P 108.1(5)
N IT Nil N2T 92.1(5) C P3 C13 109.1(6)
P3 Ni2 P4 85.9(1) C P3 C7P 99.6(6)
P3 Ni2 N3T 170.1(4) C13 P3 C7P 105.7(7)
P3 Ni2 N4T 91.9(4) Ni2 P4 C14 110.0(5)
P4 Ni2 N3T 88.7(4) Ni2 P4 C4I 113.4(5)
P4 Ni2 N4T 177.3(4) Ni2 P4 C43 112.8(5)
N3T Ni2 N4T 93.6(5) C14 P4 C41 106.7(7)
N il PI C 113.5(4) C14 P4 C43 105.7(7)
N il PI C ll 108.6(4) C41 P4 C43 107.8(6)
N il PI CIP 113.5(5) PI C P3 123 4(7)
C PI C ll 104.3(7) PI C ll C12 106(1)
C PI CIP 110.7(6) P2 C12 C ll 107(1)
C l l PI CIP 105.4(7) P3 C13 CM 104.6(9)
N il P2 C12 110.8(5) P4 C14 C13 109(1)
N il P2 C21 111.4(6) P2 C21 C22 113.(1)
N il P2 C23 113.6(5) P2 C23 C24 1 1 2 .(1 )
C12 P2 C21 109.0(7) P4 C41 C42 1 1 1 .(1 )
[Table continues]
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P4 C43 C44 114.(1) C8 P C9P ClOP 117.(2)
PI CIP C2P 117(1) C9P ClOP CU P 127.(2)
PI CIP C 6 P 119.(1) ClOP CUP C12P 119.(2)
C2P CIP C 6 P 124.(1) C7P C12P CU P 116.(2)
CIP C2P C3P 118.(1) SIT CIT N IT 179.(1)
C2P C3P C4P 119.(2) Nil N IT CIT 175.(1)
C3P C4P C5P 1 2 2 .(1) S2T C2T N2T 177.(1)
C4P C5P C6 P 1 2 0 .(1) Nil N2T C2T 171.(1)
CIP C6 P C5P 117.(1) S3T C3T N3T 179.(1)
P3 C7P C8 P 118.(1) Ni2 N3T C3T 170.(1)
P3 C7P C12P 1 2 1 .(1) S4T C4T N4T 175.(1)
C8 P C7P C12P 1 2 1 .(2 ) Ni2 N4T C4T 164.(1)
C7P C8 P C9P 119.(2)
2.3. Conclusions
The synthesis of monomeric mc'iO-[Ni(NCS)(et,ph-P4)]'" is very slow and the 
separation o f the monometallic diastereomers takes longer than it was initially thought 
(many weeks). Consequently, the bimetallic nickel thiocyanate complexes are far 
more convenient for the separation of the diastereomers because their synthesis takes 
only two days. The 50% racemic, 50% me5 ’o-et,ph-P4  ligand should be used to 
separate the two diastereomers because this produces the bimetallic 
race/n/c-Ni2(NCS)4 (et,ph-P4 ) which is soluble in ethanol in higher amounts, while the 
/we50-Ni2(NCS)4(et,ph-P4) complex precipitates almost quantitatively from ethanol. 
Compound X is the unsolvated rac(i/77/c-Ni2(NCS)4(et,ph-P4 ) complex and it is 
kinetically favored when higher concentrations o f mce/n/c-et,ph-P4 are used.
2.4. Experimental Section
The experimental work was done under inert atmosphere using N2 Schlenk 
lines and a glove box. Solvents were dried and degassed before using in each 
experiment. ^*P{*H} NMR spectra were run on a Bruker AC-250, AMX-300, or
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AM-400 spectrometers at 101.202, 131.442, or 161.923 MHz, respectively (S ppm, 
85% H3PO4 reference). A Perkin Elmer FT-IR 1760X spectrometer was used.
2.4.1. Synthesis of EtzPCI
11.25 g (91.00 mmols) of EtgZn in 30 mL of tetraglyme were added dropwise 
in a solution o f 12.49 g (90.95 mmols) of P C I 3  in 35 mL of tetraglyme kept in ice 
bath. The reaction mixture was stored in the freezer for 48 hours or less. The 
product was separated by trap-to-trap distillation and the yield was 70 %. ‘̂P{*H} 
NMR ( C D C I 3 )  at 120 ppm, 'H NMR ( C D C I 3 )  3H (m) at 1.05 ppm, 2H (m) at 1.7 
ppm.
2.4.2. Synthesis of vinyldiethylphosphine
30 g (240.86 mmols) of Et^PCl were slowly added to 252.5 mL (252.5 
mmols) of vinylmagnesiumbromide 1 .OM solution in THF in an ice bath. The product 
and THF were codistilled by trap to trap distillation. 17g (58% yield) of pure 
vinyldiethylphosphine are obtained after very slow fractional distillation. ^‘P{*H} 
NMR ( C D C I 3 )  - 2 0  ppm, ‘H NMR ( C D C I 3 )  multiplet 0.7-1.5 ppm (ethyl group, and 
- C H 2 ) ,  multiple at 5.3-6.2 ppm (vinyl group).
2.4.3. Synthesis of methylenebis(phenylphosphine)
In a 1000 mL flask 2 0  g (181.8 mmols) of phenylphosphine were mixed with 
7.7 g (90.58 mmols) of DCM in 209 mL of DMF, after cooling down the solution in 
ice bath 27 mL o f 56% KOH were slowly added (at least for two hours). After 4-8 
hours of stirring 138 mL of water were added to the reaction mixture. The product 
was extracted with 3-5 washes of 60 mL of pentane. The pentane extracts were
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combined and the pentane is evaporated. Byproducts were removed at 80-90“C 
under vacuum. 9 g (43% yield) of methylenebis(phenylphosphine) were produced. 
^^P{*H} NMR and *H NMR chemical shifts are the same as published.*^
2.4.4. Synthesis of 50% racemic-, 50% meso- et,ph-P4
In a 100 mL flask 8  g (34.5 mmols) o f bridge methylene bis(phenylphosphine) 
were mixed with 8.1 g (69.1 mmols) of diethylvinylphosphine. The mixture was 
stirred for three hours under Xenon lamp irradiation. The excess of 
diethylvinylphosphine was evaporated under vacuum and 16 g ( 1 0 0 % yield) of mixed 
racemic + meso-et,ph-P4 were produced. The product was heated to boiling for 20 
minutes in order to assure a 50% racemic-, 50% meso- et,ph-P4 product. ‘̂P{*H} 
NMR and ‘H NMR chemical shifts are the same as published.’’
2.4.5. Preparation of wieso-[Ni(NCS)(Ti^-et,pli-P4][NCS]
a) In a 100 mL flask 1.507 g of /77c'io-et,ph-P4  (3.25 mmols) as dissolved in 20 mL 
of EtOH and added dropwise to 0.567 g of Ni(NCS) 2  (3.25 mmols) slurried with 
40 mL EtOH. Remaining ligand was washed out by rinsing twice with 5 mL of 
EtOH. The final mixture was stirred for 48 hours. Then, the solution was 
filtered and the collected solid containing monomeric nickel complex was washed 
repeatedly with EtOH until the filtrate was colorless. The solid was recrystallized 
in 1:1 DCM/EtOH and red-orange crystals were obtained. Figure 2.2 shows the 
X-ray structure. ’̂P{’H} NMR (CD2CI2): -23 ppm (P3), 71.3 ppm (P2), 60.3 
ppm (PI), 15.3 ppm (P4), (Jp2-p4= 247 Hz, Jpi.p4= 62 Hz ).
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b) In a 100 mL flask 1.27 g of 98% /ngjo-et,ph-P4 (2.74 mmols) and 0.48 g of 
Ni(NCS) 2  (2.74 mmols) were stirred in 2 0  mL of MeOH for 48 hours. The 
solution was filtered and dried. The COSY ^*P{‘H} NMR of this residue was 
taken and is shown in Figure 2.3. The solid collected was pure meso- 
[Ni(NCS)(Ti'-et,ph-P4)][NCS], 4 (61% yield).
2.4.6. Trial to prepare rrtcc/mc-(Ni(NCS)(ii^-et,ph-F4][NCSI
In a 100 mL flask 0.252 g of ligand mce/7Z/c-et,ph-P4  (ligand had around 10 
% of racem/c-(Et2PCH2CH2)(Ph)PCH2P(S)(Ph) (CH2CH2PEt2), et,ph-P3,Pmt=S, 6  as 
impurity) (0.54 mmol) were dissolved in 10 mL of EtOH and added dropwise to 
0.095 g of Ni(NCS) 2  (0.54 mmol), slurried with 20mL EtOH. Remaining ligand 
washed out by rinsing twice with 2 mL of EtOH. The final mixture was stirred for 48 
hours in order to take the reaction to completion. Then, the solution was filtered and 
dried. There was a very complicated mixture of products at the end of the reaction. 
After few months a product precipitated. X-ray structure studies identified the 
product as [(n-SCH3)NP(NCS)^(et,ph-P4 )][NCS].
2.4.7. Separation of rflce/;i/c-(Et2 PCH 2CH2)(Fh)PCH2 P(S)(Ph) (CHzCHjPEti), 
et,ph-P3,Pi„,=S, 6
The recovered rncem/c-et,ph-P4 sometimes had compound 6  mixed with it. 
Compound 6  was recrystallized and separated from a hexane solution at -35 C. Anal. 
Calcd. for C 2 5 H 4 0 P 4 S ,  3: C, 60.5%; H, 8 . 1%; S, 6.4%; P, 25%. Found C, 60.73%; H, 
8.18%; S, 6.21%; P, 24.36%. Fig 2.8 shows X-ray crystal structure. ^*P{^H} NMR 
( C D C I 3 ) :  44.1 ppm (PI), -19.2 ppm (P3, P4), -32.1 ppm (P2), Jpi.P2 = 57 Hz., Jpi.M
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=23 Hz., Jp2.P4 =  17 Hz. ‘ H  NMR ( C D C l j )  0.88-1.17 ppm (m, P - C j H s ) ,  1.24-1.40, 
1.59-1.86 ppm (m, P - C H 2 - C H 2 ) ,  2.22 ppm (m, P - C H 2 - P ) ,  7.44-7.5 ppm, 7.80-7.87 
ppm (m, P h ) .
2.4.8. Synthesis of rflcem/c-[Ni(NCS)(ii^-et,ph-P3,Pint=S))l[NCSl, 7
0 . 153 g o f  6  (0.308 mmol) and 0,054 g of Ni(NCS) 2  (0.309 mmol) plus 5 mL 
of EtOH were put to stir overnight. The ^*P{*H} NMR of the product corresponded 
to 7. The product was recrystallized from Dioxane/DCM solution by slow 
evaporation of the solvent at ambient conditions. X-ray structure o f this compound is 
shown in Figure 2.9. The ^*P(*H} NMR (MeOH): 44.1 ppm (PI), 76.4 ppm (P4),
56.4 ppm (P2) and 1.6 ppm (P3), Ji.3.1.4 = 247 Hz, Jp3-p2 = 109 Hz., J p2.p1 = 54 Hz. 'H 
NMR (acetone-do) 1.09-1.58 ppm (m, P-C2H5), 2.19-2.83 ppm (m, P-CH2-CH2), 2 . 8  
ppm (d, P-CH2-P), 7.68-7.78 ppm, 8.23-8.35 ppm (m, Ph).
2.4.9. Preparation of bimetallic racemic- and /;ieso-Ni2(NCS)4et,ph-P4  complexes
In a 100 ml flask 0.232 g of mixed ligand 50% racemic- and 50% /neso-et,ph- 
P4 (0.5 mmol) were dissolved in 10 mL of EtOH and added dropwise to 0.174 g of 
Ni(NCS) 2  (1 mmol), slurried with 1 0  mL EtOH. Remaining ligand was washed out 
by rinsing twice with 1 mL of EtOH. The final mixture was stirred for 48 hours. 
Then, the solution was filtered. The filtrates mostly contained the bimetallic solvated 
racem/c-Ni2(NCS)4(et,ph-P4 ), 9. The orange precipitate was bimetallic 
/neso-Ni2 (NCS)4(et,ph-P4 ), 8  with some bimetallic racemic complex that could not be 
washed out with EtOH. This procedure was repeated fifteen times with different 
amounts of mixed ligand and corresponding amounts of Ni(NCS)2 . Yields for the
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racemic bimetallic compounds were 60-80%. When 80% racemic and 20% 
/wew-et,ph-P4 were used the yield of 9 decreased to 50 % and the precipitates was 
yellow-green. This solid was identified by NMR studies and X-ray crystallography as 
a mixture of bimetallic m£?JO-Ni2(NCS)4(et,ph-P4 ), 8  and the unsolvated 
race/n/c-Ni2(NCS)4(et,ph-P4 ). Extraction with acetone gave a mixture of 80% 
unsolvated racem/c-Ni2(NCS)4(et,ph-P4 ) and 20% /nt;jo-Ni2(NCS)4(et,ph-P4 ), 8 . 
The *̂P NMR spectrum of this mixture is shown in Figure 17(a). The unsolvated 
race/w/c-Ni2(NCS)4(et,ph-P4 ) compound was crystallized from this acetone solution 
by slow evaporation of the solvent at room temperature under inert conditions (no 
oxygen, no water). ‘̂P ( ‘H} NMR of 8  (CD2CI2): 73.5 ppm (2 P«a), 55.7 ppm (2 
Pint), Jp-p = 79.4 Hz; 'H  NMR (acetone-dg) 1.00-1.31 ppm (m, P-C2H 5), 1.48-2.06 
ppm (m, P-CH2-CH2), 3.23 ppm (m, P-CH2-P), 7.9 ppm, 8.65-8.71 ppm (m, Ph). 
^•P{*H} NMR of 9 (EtOH), 52.3 ppm (2 P«,) and 29 ppm (2 Pi„,); *H NMR (CD2CI2) 
1.14-1.24 ppm (m, P-C2HS), 1.69-1.8 ppm, 1.95-2.12 ppm (m, P-CH2-CH2), 3.10 
ppm (t, P-CH2-P), 7.47 ppm, 7.75-7.80 ppm (m, Ph). ‘̂P{‘H} NMR of unsolvated 
race/77/c-Ni2(NCS)4(et,ph-P4 ) (CD2CI2): 75.7 ppm ( 2  Pext), 55.4 ppm ( 2  Pmt), Jp-p =
75.4 Hz, *H NMR (acetone-dg) 1.04-1.29 ppm (m, P-C2HS), 2.19-2.43 ppm (m, 
P-CH2-CH2), 2 . 8 8  ppm (m, P-CH2-P), 7.71 ppm, 8.46-8.53 ppm (m, Ph).
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Chapter 3
Cyanolysis of the Bimetallic racemic- and nieso-Nickel Thiocyanate Complexes
3.1. Introduction
Cyanolysis is a process by which a metal reacts with cyanide ions to give 
complexes o f the general formula It is an old procedure that is still used
for the separation of precious metals. Currently cyanolysis is also used for the 
separation of ligands from metal centers. The cyanide ligand forms strong complexes 
with most metals, and it often displaces other ligands around the metal center to form 
cyanometalate anions.'
The cyanide ligand is less 7i-acidic and a considerably stronger o-donor than 
CO. When cyanide is added to nickel complexes or salts in aqueous solutions the 
soluble yellow complex [Ni(CN)4 ]̂ ~ forms. Many hydrated salts o f this ion, for 
example, Na2 [Ni(CN)4]3HzO, have been crystallized from such solutions.^ The 
tetracyanonickelato ion is a low-spin square planar complex. It is diamagnetic, 
thermodynamically very stable and kinetically slow to release CN~ ions. The 
formation of the red [Ni(CN)s]^" ion occurs when high concentrations of cyanide are 
present. The pentacyanonickelate ion has been detected by IR and UV spectroscopy. 
The studies indicate that there is no formation of 20 e~ hexacyanonickelato ions. In 
addition, the formation of pentacyanonickelato is favored when the ionic strength of 
the aqueous solution is increased.^’"* The [Ni(CN);]^" complex was separated by the 
formation of stable salts with [CrCNH;) ]̂ '̂  ̂ and [Cr(en)3 ]̂ * (en = NH2CH2CH2NH2). 
The [Cr(en)3][Ni(CN)s]l-5 H2 0  complex consists of two identical, although
53
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crystallographically independent, [Cr(en)3]^  groups, a five-coordinate [Ni(CN)s]^ ion 
with a nearly perfect square pyramidal configuration, and another five-coordinate 
[Ni(CN)j]^ ion with a distorted trigonal bipyramidal coordination. If 
[Cr(en)3][Ni(CN)j]1 .5 H2 0  is dehydrated or subjected to pressure, the nickel 
complexes became totally square-pyramidal.^
As stated above, cyano groups often displace most ligands around transition 
metal centers, in this way some enantiomeric or diastereomeric ligands can be isolated 
for further use.®’̂ '* In the present work the cyanolysis o f solvated bimetallic 
race/M/c-NizCNCS)4(et,ph-P4) and bimetallic /wci-o-Ni2(NCS)4(et,ph-P4 ) yields free 
racemic- and mc?50-et,ph-P4, respectively, and the nickel cyanate anions stay in 
aqueous solutions as is shown in Scheme 1
race/nic-Ni2(NCS)4(et,ph-P4)— — ► facem/c-et,ph-P4 + [NifCN^^gq + [Ni(CN)s]%q
Hexane/HzO
/neso-NÎ2(NCS)4(et,ph-P4) — — ► meso-et,ph-P4 + [Ni(CN)s]%q + [Ni(CN)4] '̂
Hexane/HzO
Scheme 3.1. Cyanolysis of solvated bimetallic mct;/w/c-Ni2(NCS)4  
(et,ph-P4) and bimetallic /wwo-Ni2(NCS)4(et,ph-P4 )
3.2. Results and Discussion
3.2.1. Cyanolysis of Solvated Bimetallic rflccm/c-Ni2 (NCS)4 (et,ph-F4 )
The separation and isolation of the racc'/77/c-et,ph-P4  ligand was our main goal 
in this research, for this reason most of the experiments performed were oriented 
towards the isolation of this important ligand. Bimetallic racemic nickel complexes 
were treated according the following reaction procedure. One equivalent of nickel
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complex and ten equivalents per bimetallic nickel complex o f NaCN where reacted 
under reflux for eight hours in a water/hexane solution. Yields of racemic ligand at 
this stage fluctuated from 25% to 60% in different experiments. One possible reason 
is the decomposition of NaCN at high temperatures.®’*® Sometimes the reaction was 
heated slowly, while at other times quickly so the amount of CN"present in each 
recovery experiment could be different, thus giving inconsistent yields. Another 
factor is the stirring in the two phase reaction. It is known that good stirring often 
increases the yield in this kind of separation, but this does not hold here. One 
experiment was done using a high stirring rate and the yield was zero percent. The 
reaction should, therefore, be stirred moderately.
Another experiment involved the treatment of the bimetallic solvated 
race/w/c-Ni2(NCS)4(et,ph-P4 ), 9 with hot water, to obtain information about the 
species formed at high temperatures. The ^*P{*H} NMR of the residue (after 
evaporation of the solvent) shows the signals for compound race/w/c-[Ni(NCS)(Ti^- 
et,ph-P3,Pmi=0)], 1 0 , as the major product, and signals from compound racemic- 
[Ni(NCS)(Ti^-et,ph-P3,Pi„i=S))][NCS], 7, as a minor product. Compound 7 was 
present as an impurity in the starting bimetallic racemic nickel complex used for this 
experiment, so the formation of 10 from the bimetallic nickel complex 9 took place. 
This experiment indicated that undesirable side reactions occurred when the bimetallic 
solvated race/w/c-Ni2(NCS)4(et,ph-P4 ), 9 was heated.
Another approach for this separation is the stabilization of nickel cyanide 
complexes to achieve better yields. It is known that the formation of the complex
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[Ni(CN)5]'  ̂ is favored by increasing ionic strength/ '* Mixtures of NaCN/NaCl were 
used instead of pure sodium cyanide. This experiment was done using 2 M NaCl 
solution and the corresponding amount of NaCN (10 times the bimetallic nickel 
complex concentration) at room temperature. However, the yields were very low, 
based on qualitative comparison of the number of NMR scans needed to
identify the free ligand in the hexane layer, relative to a reference hexane solution with 
the expected amount of racem/c-et,ph-P4 ligand added.
Ni-P2 = 2.183(2) Â 
Ni-P4 = 2.186(2) A
N i-P l=  2395(2) A
Figure 3.1. ORTEP diagram of mc^m/c-Ni(CN)2 (ri“-et,ph-P4 ) 11.
An unreactive orange solid often formed in the aqueous layer. The ‘̂P{*H} 
NMR of this soUd dissolved in CDCI3 shows peaks at +44 ppm and -15 ppm. These
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corresponded to a compound found in the benzene layer when hexane was replaced 
by benzene in our initial studies. This compound is mce/w/c-Ni(CN)2(Tl^"et,ph-P4), 
11, the X-ray structure o f which is shown in Figure 3.1. The NMR only
shows two resonances because the phosphorus atoms PI and P3 are equivalent in 
solution."
Compound 11 was not only detected in this experiment but also in 
experiments without using NaCl. Consequently, it was thought that the low solubility 
o f this compound in the water layer could be part o f the problem resulting in low 
yields. Acetone in water was used to increase the solubilities of nickel intermediates 
but this failed because some of compound 11 contaminated the hexane layer and the 
free race/n/c-et,ph-P4 ligand could not be separated from the mixture of products in 
the organic layer.
In order to better understand the nature of this reaction in situ ^*P{*H} NMR 
spectra of the water layer were taken to check the progress of the reaction with time. 
The results are shown in Figure 3.2. This experiment clearly shows that the free 
ligand (peaks at -18.9 and -26.1 ppm) can transfer from the hexane layer to the water 
layer and produce stable nickel cyanide complexes (peaks at 65.8 ppm and 40.9 ppm) 
that no longer react with NaCN. Therefore, the hexane layer should be replaced 
regularly in order to avoid the back-transfer of the isolated ligand to the aqueous 
layer.





u W m i j l i A à
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Figure 3.2. In sHu ^*P{*H} NMR of aqueous phase at ligand recovery 
step.
The conclusions above were applied to experiments that changed the ratio of 
bimetallic racemic nickel complex to NaCN. Four experiments were conducted with
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different Ni complex to CN~ ratios: (I) 1:10, (II) 1:12.5, (HI) 1:15 and (TV) 1:20 (all 
at room temperature). Based on qualitative analysis of the NMR of the
hexane layer (the higher number of needed scans for a spectrum, the lower 
concentration o f free rac£?/n/c-et,ph-P4 present in hexane layer), an increase of pure 
ligand yield with the amount of NaCN added was detected; even though the yields 
were still generally low in comparison with the reference solution o f racew/c-et,ph-P4 
in hexane.
Another observation from these experiments was that the reaction stopped 
when the purple-red paste formed from the bimetallic racemic complex turned 
orange. The orange compound is 11 (from ^‘P{*H} NMR). In the same experiments 
methanol was used to dissolve 11 in water with a 2:1 HzO/MeOH ratio. The hexane 
layer was extracted after stirring, and new hexane was added every 2 minutes to limit 
the repartitioning of free ligand back into the aqueous phase, thus preventing back 
reactions with nickel cyanide complexes. The yield o f  the recovered 
race/w/c-et,ph-P4 after addition of MeOH in water layer and constant extraction of 
the hexane layer was -60  % for experiments (11), (111) and (IV), but in experiment (1) 
the yield was only 25 %. These yields were calculated by weighing the final isolated 
racem/c-et,ph-P4 ligand.
Very small amounts of bimetallic racemic nickel thiocyanate were used for 
these experiments so there could be a fair margin of error in these measurements. 
This results, unfortunately, did not replicate in larger scale experiments. The 
procedure w as, therefore, slightly changed, a mixture of 1:1 MeOH/HzO was used to
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dissolve the NaCN (4 mL of solvent per gram o f sodium cyanide) instead o f using 
pure water, in this way compound 1 1  dissolved and reacted immediately with the 
cyanide anion to give more free ligand. Another change was using larger amounts of 
hexane (5 times the Me0 H:H2 0  solution) to separate the isolated ligand from the 
cyanolysis o f the bimetallic racemic nickel thiocyanate complex. The procedure was 
repeated three times for different amounts o f racemic nickel complex giving relatively 
consistent and high 60-78% yields of isolated racem/c-et,ph-P4.
Usually, the separated race/n/c-et,ph-P4 contains a yellow impurity. The 
yellow compound was separated from MeOH solution at -35 °C. The ^*P{‘H} NMR 
shows chemical shifts at 53.3, 50.5, 44.5, 36.7, -19.8, -27 and -32 ppm. This could 
be mixture of neutral nickel-P4 byproducts in the reaction that are soluble in hexane. 
The ^^P{‘H} NMR spectra are always noisy even using many scans and this could be 
due to the presence of paramagnetic compounds. It is important to separate this 
unknown yellow compound because it decreases the yields o f recovered 
mce/n/c-et,ph-P4 to 50%. Water was used to wash out most of this compound from 
the collected hexane layer. After that, small alumina columns were used to remove 
the remaining yellow compound left.
The NMR and ^'P NMR spectra in D2O of the compounds left in the 
aqueous layer are shown in Appendix A. 1. They do not show the presence o f fi’ee 
ligand, rather a mixture of phosphorus compounds are present that could be 
phosphorus oxides, phosphines and nickel cyanide phosphine complexes.
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For all transition metal cyanide complexes in which the coordination number is 
twice the oxidation number o f  the metal an IR absorption occurs at 2135+15 cm'*. 
As the ratio increases further, the value of Vc-n decreases.*^ The FT-IR of the 
products left in aqueous solution shows absorptions at vc-n = 2132 cm'* and 2081 
cm'*, indicating the presence o f [Ni(CN)4 ]̂ “ and [Ni(CN)s]^~.
3.2.2. Cyanolysis o f B im etallic  meio-Ni2(NCS)4(et,ph-P4)
The cyanolysis treatment of the bimetallic /77e5 '0 -Ni2(NCS)4(et,ph-P4 ) is similar 
to the one for the racemic compound, the main difference is that the isolated ligand 
seems to be more soluble in water. Most of the meso ligand, for example, stays in the 
aqueous layer. If 1:1 MeOH/HgO is used there is improvement o f the yields, but still 
some of the free ligand stayed in the aqueous layer. Therefore, experiments without 
using an organic layer (hexane) were done. After completion of the reaction (no dark 
red solid left, 5 hours approximately) the solution was dried under vacuum at 30°C, 
then the solid left was rinsed with hexane to dissolve the free meso ligand. The 
hexane ligand solution was passed through small aluminum columns to wash out the 
yellow impurities. This procedure gave up to 60% yield after separation of impurities 
by recrystallization of the product in hexane. This was another way to isolate the 
meso ligand. This procedure did not work for the cyanolysis of the 
race/w/c-Ni2 (NCS)4(et,ph-P4 ) because the free ligand reacted again with the nickel 
cyanide complexes to give decomposition products, decreasing the yield.
The /we5 o-et,ph-P4  ligand can be heated to boiling for 30 minutes in order to 
obtain a mixture of 50% racemic- and 50 % /77C5 o-et,ph-P4  ligands.
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Figure 3.3. *H} NMR spectra of the separated racemic-el,ph-?4,
meso-et,ph-P4 and mixed-racem/c,mMo-et,ph-P4 ligands
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That was used to synthesize nickel thiocyanate complexes and separate the 
diastereomers again. In that way more mce/«/c-et,ph-P4 was isolated by cyanolysis. 
Figure 3.3 shows the NMR of the separated racemic- and
wew-diastereomers and the original mixed /ne^o,mce/n/c-et,ph-P4 ligands.
3.3. Conclusions
The cyanolysis should be done at room temperature to prevent the 
decomposition of NaCN. The addition of MeOH to the aqueous phase increases the 
solubility o f the byproduct in the cyanolysis o f the nickel thiocyanate phosphine 
complexes (raceOT/c-Ni(CN)2(Tl^-et,ph-P4 ), 11). In this way this compound continues 
to react to give more isolated phosphine. The et,ph-P4 ligand is surprisingly soluble 
in water, for this reason it should be recovered not only from the organic phase 
(hexane) but also from the aqueous phase.
3.4. Experimental Section
The experimental work was done under inert atmosphere using Nz Schlenk 
lines and a glove box. Solvents were dried and degassed before using in each 
experiment. ’̂P{’H} NMR spectra were run on a Bruker AC-250, AMX-300, or 
AM-400 spectrometers at 101.202, 131.442, or 161.923 MHz, respectively (5 ppm, 
85% H 3 P O 4  reference). A Perkin Elmer FT-IR 1760X spectrometer was used.
3.4.1 Cyanolysis of racemic- and meso-Ni2 (NCS)4(et,ph-P4 ), Previous Procedure 
The same procedure can be applied for the recovery of me^o-et,ph-P4 and 
race/M/c-et,ph-P4. 10 g of bimetallic rac4im/c-Ni2(NCS)4et,ph-P4  (12.29 mmol) and 
6.02g o f NaCN (122.8 mmols) were added to 150mL of hexane in a 500 mL flask.
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and 150 mL o f degassed H2O were added. The mixture was refluxed for 6  to 8  hours. 
Then, the hexane phase was extracted and the water phase was washed three times 
witn 60 ml o f hexane. The hexane solution was cleaned using small columns. Yields 
varied from 60-25%. When the stirring rate was increased no product was isolated.
3.4.2. Experiment with small amounts of nickel complex
Experiments with small amounts o f the bimetallic solvated 
racem/c-Ni2(NCS)4(et,ph-P4 ), 9 were done in 4 mL vial with micro-stirbar, the 
amount of the bimetallic solvated race/77/c-Ni2(NCS)4(et,ph-P4 ), 9 was 0.1 OOg (0.123 
mmols) and the amount of NaCN was different for each experiment: 0.06g (1.23 
mmols) (1), 0.075g (1.53 mmols) (II), 0.090g (1.84 mmols) (III) and 0.12g (2.46 
mmols) (IV). 1 mL of H2O and 1 mL of hexane were added to each vial. The 
solutions were stirred at room temperature until the purple red compound turned 
orange. Then, hexane layers were extracted and ImL of hexane and 0.5 mL of 
MeOH were added and the solution was stirred for 2 minutes, the hexane layer was 
replaced every 2  minutes, this procedure was repeated until the orange solid 8  
disappeared. The yields were 25% for (I), 54% for (II), 63% for (HI) and 56.1% for 
(IV).
3.4.3. New Procedure
3.4.3.1. Cyanolysis of rflcc/«/c-Ni2(NCS)4(et,ph-F4 )
In 500 mL flask 7.39g (9.08 mmol) of bimetallic racew/c-Ni2(NCS)4(et,ph- 
P4) were added to 250 mL of hexane. In a 250 mL flask 6.674g of NaCN (136.2 
mmols) were dissolved in 19 mL of degassed H2O then 19 mL of MeOH were added
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to the solution (1:1 HjO/MeOH). NaCN solution was added at once to the bimetallic 
racem/c-Ni2(NCS)4et,ph-P4  in hexane. The mixture was stirred until there was no 
dark red solid left (no more than twenty minutes). The hexane layer was extracted 
quickly and the water phase was washed three times with 100 mL of hexane. The 
hexane solution was washed three times with 20 mL of H2O. After that, the yellow 
color o f the hexane solution was washed out using small alumina columns. Yields 
varied from 60-78%. The aqueous phase was dried and then rinsed with hexane to 
recover the ligand left.
3.4.3.2. Cyanolysis of /Meso-Ni2(NCS)4(et,ph-P4)
The same procedure was used for bimetallic /77eio-Ni2(NCS)4 et,ph-P4 , but in 
this case there was much more ligand left in the aqueous phase. Another procedure 
was the following: 22.24g (27.32 mmol) of /77t;so-Ni2(NCS)4et,ph-P4  and 20.08g 
(409.73 mmol) were put in a 250 mL flask. 45.99 mL of degassed water were added 
to this mixture. The reaction was initially exothermic. The mixture was stirred 
vigorously for 5 hours. After that the water was evaporated at 30 C under vacuum., 
the product was extracted from the residue with hexane. The hexane solution was 
passed through small alumina columns. The impurities left were separated by 
recrystallization in hexane. The pure product was obtained in 60 % yield.
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Chapter 4
Bimetallic Asymmetric Hydroformylation Catalysis
4.1. Introduction
Studies o f asymmetric hydroformylation of alkenes containing prochiral 
centers is a challenging work because various difficult conditions should be taken into 
account. For practical applications the chemoselectivity o f the hydroformylation 
reaction (versus hydrogenation and alkene isomerization), its regioselectivity 
branched versus linear aldehyde products, see equation 2 . 1 , and its enantioselectivity 
should be sufficiently high for a commercial process.* Enantioselectivity is defined as 
enantiomeric excess percentage (ee %), which is given by the formula: ee = 1 0 0 * I iî- 
S\/(R+S), R and S  represent the amounts of the respective enantiomeric aldehydes. 
Catalytic asymmetric hydroformylation leads to intermediate products of 
pharmacologically active compounds as was discussed in scheme 1.2 (Chapter 1 ) .^
There is particular interest in the enantioselective hydroformylation of 
substituted styrenes. The resultant aldehydes can be oxidized to form 2-arylpropionic 
acids that make-up the profen-family o f antiinflamatory reagents. The asymmetric 
hydroformylation of vinyl acetate is significant because the resultant 
2-acetoxypropanal is a key precursor for the Strecker synthesis of /-threonine, which 
is one of the essential amino acids.^
Consequently, many chiral phosphine ligands have been studied for 
asymmetric hydroformylation. The relation between structure and electronic effects
67
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versus enantioselectivity and regioselectivity has been investigated in order to design 









Figure 4.1. Examples of chiral phosphine ligands used for asymmetric 
hydroformylation
This objective is difficult to reach because of mechanistic complexity of the 
hydroformylation reaction (CO insertion, alkyl migration, reductive elimination, etc.). 
Casey'* and co-workers have studied the natural bite angles of several phosphine
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ligands. They suggested that the geometry and steric environment of the 
rhodium-alkene-hydride complex and of the initially produced tetracoordinate 
alkyl-rhodium intermediate are likely to be very important in controlling the 
regiochemistry of the reaction. This is presumably affected by the natural bite angle 
of the chelating ligands being used. Unfortunately, further work revealed that their 
studies could not be generalized, and that electronic effects should not be 
understimated in catalytic hydroformylation.
Platinum(n) and rhodium(I) catalysts have produced the best results in 
asymmetric hydroformylation. Some of the ligands used are shown in Figure 4.1.^ 
The use of platinum complexes resulted in very low reaction rates and high yields of 
undesirable hydrogenation products. However, the presence of Lewis acids such as 
SnCh resulted in acceptable performance (-80% ee). The use of triethyl 
orthoformate to trap aldehydes improved the ee’s but produced acetals, and these 
experiments were not reproducible. Ratios of branched to linear products were also 
still very low.® Polymer-anchored chiral catalysts improved results, for example, 
anchored DBP-DIOP yielded 2-phenylpropanal with 65 % ee.^
Rhodium complexes have recently produced considerably better results. The 
best enantiomeric excess reported was accomplished using bidentate phosphite and 
mixed bidentate phosphine/phosphite ligands. Some examples of this class of ligands 
are shown in Figure 4.2.® Catalysts with phosphite ligands can suffer ligand 
fragmentation reactions under hydrofbmylation conditions, for this reason excess
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ligand is usually added (2-3 equivalents) to obtain better enantioselectivities and 
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Figure 4.2. Examples of phosphite and mixed phosphine/phosphite 
ligands used in asymmetric hydroformylation
Studies conducted by Van Leeuwen" and co-workers proposed the 
dependence of structure versus stability and enantioselectivity for chelating phosphite 
ligands. They found that higher enantioselectivities will be obtained in the asymmetric 
hydroformylation reactions with ligands coordinating in an equatorial-equatorial 
fashion to the rhodium and with retention of Q  symmetry in the catalysts. In this way 
a vacant equatorial position will provide the perfect fit for the olefin (styrene in this 
case). However, some phosphite ligands with equatorial-equatorial coordination 
capabilities gave inconsistent results that were attributed to the instability of the 
catalyst
Ayers® and coworkers studied the influence of electronic effects in 
enantioselectivity. They used phosphite ligands with electron-withdrawing and 
electron-donating aryl groups. It was concluded that the most electron deficient 
phosphites provided higher ee’s than the corresponding ligands with simple phenyl
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
71
groups. Consequently, it was demonstrated that enantioselectivity can indeed be 
influenced by the electronic nature of the ligand used in hydroformylation catalysis.
The chiral et,ph-P4 ligand is the only known phosphine for bimetallic 
asymmetric hydroformylation. Molecular modeling docking studies conducted by 
Stanley for the race/n/c-Rh2H2(CO)2(et,ph-P4) catalyst with different prochiral olefins 
have shown that the catalyst could have a perfect fit with the olefin substrate for 
exceptional asymmetric induction. An example is shown in Figure 4.3.
Figure 4.3. Vinyl acetate docked onto the [5,5-RJi2(nbd)2(et,ph- 
P4)]^\ Lower structure is favored by 2.9 Kcals/mole.
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This chapter reports the separation of the enantiomers o f the et,ph-P4 ligand 
and preliminary results towards accomplishing bimetallic asymmetric 
hydroformylation.
4.2. Results and Discussion
4.2.1. Separation of rocemic-et,ph-P4 Enantiomers
In order to separate the enantiomeric species of the racem/c-et,ph-P4 ligand, a 
HPLC system equipped with a semi-preparative Chiracel-OD column was used. 
Chiral stationary phases (CSP) are used for chiral recognition in liquid 
chromatography. As the enantiomers pass over the CSP, each forms a transient 
adsorbate.‘° These adsorbates are diastereomeric and differ enough in free energy to 
observe separation. The CSP used was cellulose-derived and coated into silica, 
specifically it is cellulose-tris(3,5-dimethylphenylcarbamate) on 10 ^im silica-gel 







Figure 4.4 Composition of the chiral stationary phase used for the 
separation of the enantiomers of the et,ph-P4 ligand.
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The separation of enantiomers in this CSP improves with the use of eluents of 
low polarity. Previously, we have used an eluent with a 5% isopropanol / 95% 
hexane composition. The sample concentration was 100 mg/mL of racem/c-et,ph-P4 
(>98%), the solvent was 5% isopropanol /  95% hexane because the same eluent 
concentration was used as a solvent in order to have a flat baseline during the 
detection of the separated enantiomers. The conditions to get an efficient separation 
did not allow a quick separation. The flow rates were 4 mlVmin and only 0.5 mL (50 
mg of racem/c-et,ph-P4 ligand) of ligand solution should be injected. The retention 
time of enantiomer # 1 at these conditions was 20 minutes. Therefore, the isolation of 
3 g of each enantiomer was very tedious. Fig. 20 shows the separation of racemic- 
et,ph-P4 into the /?,/?-and 5,5-enantiomers.
Figure 4.5. Chiral HPLC resolution of enantiomers of racem/c:-et,ph- 
P4(>98%).
A solution of 200 mg/mL of racem/c-et,ph-P4 (>98%) is currently used with 
an eluent of 2% isopropanol / 98% hexane. A better separation of enantiomers was
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accomplished in this way after many trials with various eluent systems. The CSP 
seems to have the best interaction with the enantiomer under this conditions. This 
allowed for the use of larger quantities of sample in each injection (0.5 mL, 100 mg). 
When the 80% raceme mixed ligand was used instead of the 98% racemic, no 
efficient separation was accomplished because the meso ligand coeluted with one 
enantiomer, and only the other enantiomer could be isolated. Figure 4.6 shows this 
separation. The flow rate was 3 mL/min and the eluent was 2% isopropanol / 98% 
hexane. The retention time was 25 minutes for the enantiomer # 1 and the volume of 
injected sample was 0.25 mL.
Enantiomer # 1 was the first one to elute and enantiomer # 2 was the second. 
The optical rotations were measured in a polarimeter: [a ] ^ * 5 8 9  = -83.4 (c 2.0, 
hexanes) for enantiomer # 1 and [a ] ‘ ® 589 = +82.8 (c 2.0, hexanes) for enantiomer 2.
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Figure 4.6. Chiral HPLC resolution of enantiomers for 80% 
racem'c-et,ph-P4, and 20% meso-eUph-P4.
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4J.2. Elucidation of Absolute Chiral Configuration
The absolute chiral configuration of the et,ph-P4 enantiomers was unknown. The 
enantiomers were identified by the order of elution from the HPLC, that is: 
enantiomer #  1 for the first one and enantiomer #  2 for the second one. Enantiomer 1 
was used to synthesize chiral Ni2CU(et,ph-P4), and the product was identified by ^'P 
NMR spectrometry," the rotation angle for this compound was [a]^^s89 = 225 (c 
0.06, dichloromethane). This compound was successfully crystallized from a solution 
of CH3NO2/CH2CI2 after many trials with different solvent systems. Its X-ray 
structure is shown in Figure 4.7. Crystallographic data was: formula 
Ni2Cl*C26H43N202P4, FW 784.8, orange prism, crystal size 0.30x0.18x0.14mm, space 
group P2i , a = 11.8039(9)Â, b =  12.7346(12)Â, c = 11.8914(11)Â, p = 99.011, T = 
24°C, R= 0.042, 5821 observed data. The bimetallic complex has square planar 
geometry for the nickel centers. Each metal center is oriented at opposite sides of the 
molecule. The configuration of PI is 5 because the priority order of the substituent 
groups is counterclockwise, that is: the nickel is the heaviest atom attached, followed 
by the C  (binding a phosphorus atom), then CIP (phenyl group). P3 also has a 5 
configuration. This structure reveals the absolute chiral configuration of each 
enantiomer. The complex was 5,5-Ni2Cl»(et,ph-P4). The order of groups around PI 
in the free et,ph-P4 phosphine is clockwise, that is: the C’ has the heaviest 
substituents, followed by the CIP (phenyl group), and then C ll .  Consequently, 
enantiomer #  1 is /?,/?-et,ph-P4 and enantiomer #  2 has the opposite absolute chiral 
configuration, S,S-et,ph-P4. The absolute configuration of various complexes with
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the chiral et,ph-P4 ligand can be predicted in this way. Tables 4.1 and 4.2 show the 










Free ligand: /?,P-(-)-et,ph-P4 
Enantiomer #1 
Free iigand: S,S-(+)-et,ph-P4 
Enantiomer #2
Figure 4.7. Elucidation of chiral configuration by means of X-ray 
structure of 5,5-Ni2Cl4(et,ph-P4).
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Table 4.1 Bond Distances in Angstroms of 5,5-Ni2Cl4(et,ph-P4)
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Nil CLl 2.196(2) C13 C14 1.527(6)
Nil CL2 2.208(1) C21 C22 1.45(1)
Nil PI 2.132(1) C23 C24 1.501(8)
Nil P2 2.146(1) C41 C42 1.478(9)
Ni2 CL3 2.196(2) C43 C44 1.50(1)
Ni2 CL4 2.209(1) CIP C2P 1.392(7)
Ni2 P3 2.141(1) CIP C6P 1.382(8)
Ni2 P4 2.147(1) C2P C3P 1.365(8)
PI C  1.824(5) C3P C4P 1.397(9)
PI C l l  1.824(5) C4P C5P 1.37(1)
PI CIP 1.818(4) C5P C6P 1.399(8)
P2 C12 1.818(6) C7P C8P 1.387(7)
P2 C21 1.821(7) C7P C12P 1.409(7)
P2 C23 1.813(5) C8P C9P 1.371(8)
P3 C  1.835(4) C9P ClOP 1.378(9)
P3 C13 1.817(5) ClOP CU P 1.37(1)
P3 C7P 1.808(5) C U P C12P 1.394(9)
P4 C14 1.815(6) NIS OIS 1.199(8)
P4 C41 1.868(6) NIS 02S 1.156(7)
P4 C43 1.787(5) NIS CIS 1.444(9)
C ll C12 1.522(7)
Table 4.2 Bond Angles in Degrees of 5,5-Ni2Cl4(et,ph-P4)
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle
CLl Nil CL2 95.67(7) Ni2 P4 C43 119.2(2)
CLl Nil PI 173.12(6) C14 P4 C41 108.3(3)
CLl Nil P2 87.92(6) C14 P4 C43 105.7(3)
CL2 Nil PI 90.15(6) C41 P4 C43 105.6(3)
CL2 Nil P2 173.52(6) PI C P3 119.1(3)
PI Nil P2 86.63(5) PI C ll C12 105.9(3)
CL3 Ni2 CL4 96.18(6) P2 C12 C ll 109.1(3)
CL3 Ni2 P3 173.44(6) P3 C13 C14 105.5(4)
CL3 Ni2 P4 87.04(6) P4 C14 C13 108.0(3)
CL4 Ni2 P3 90.22(5) P2 C21 C22 117.3(5)
CL4 Ni2 P4 176.14(6) P2 C23 C24 112.3(4)
P3 Ni2 P4 86.62(5) P4 C41 C42 116.4(4)
Nil PI C 117.1(2) P4 C43 C44 114.5(4)
[Table continues]
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Nil PI C l l 109.7(2) PI CIP C2P 120.5(4)
Nil PI C IP 114.5(2) PI CIP C6P 121.0(4)
C PI C l l 107.1(2) C2P CIP C6P 118.5(4)
C PI C IP 102.1(2) CIP C2P C3P 121.0(5)
C ll PI C IP 105.4(2) C2P C3P C4P 120.3(5)
Nil P2 C12 109.9(2) C3P C4P C5P 119.7(5)
Nil P2 C21 114.0(2) C4P C5P C6P 119.5(6)
Nil P2 C23 112.8(2) CIP C6P C5P 120.9(5)
C12 P2 C21 106.6(3) P3 C7P CSP 120.5(4)
C12 P2 C23 106.4(2) P3 C7P C12P 120.7(4)
C21 P2 C23 106.7(3) C8P C7P C12P 118.9(5)
Ni2 P3 C 119.7(2) C7P C8P C9P 121.1(5)
Ni2 P3 C13 109.5(2) C8P C9P ClOP 119.9(6)
Ni2 P3 C7P 111.1(2) C9P ClOP C U P 120.3(6)
C P3 C13 108.9(2) ClOP C U P C12P 120.8(6)
C P3 C7P 102.5(2) C7P C12P C U P 118.9(6)
C13 P3 C7P 103.9(2) 018 N18 0 28 122.5(6)
Ni2 P4 C14 109.2(2) CIS N18 CIS 120.1(5)
Ni2 P4 C41 108.4(2) 028 N18 CIS 117.4(6)
4.2.3. Synthesis of Chiral Catalyst [Rh2(nbd)2(et,ph-P4)][BF4]2
The chiral catalyst was synthesized like the regular catalyst.’’ The starting 
material for this synthesis was Rh(C0)2(acac). It reacted under neat conditions with 
norbomadiene to produce the Rh(nbd)(acac). The acetylacetonate group can be 
displaced by a second norbomadiene molecule by using tetrafluoroboric acid to 
produce the ionic [Rh(nbd)2](BE,). This ionic compound is treated with the 
respective enantiomeric et,ph-P4 phosphine in dichloromethane and then precipitated 
with diethylether. The product cannot be purified by recrystallization in acetone 
because repeated attempts to crystallize the chiral Rh2(nbd)2(et,ph-P4)^‘̂ species 
failed. A better way to purify it is by columm chromatography on silica gel The 
separated byproducts seem to be phosphine oxides mixed with the chiral 
Rh2(nbd)2(et,ph-P4)’% the COSY ’̂P NMR of two different compounds are shown in
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Appendix A.1. The S,S-Rh2(nbd>2 (et,ph-P4 )][BF4 ] 2  has a rotation angle of 599 = 
-5.33 (c 0.6, acetone), and the /?,/?-[Rh2(nbd)2 (et,ph-P4 )][BF4 ]2  rotation angle is 
[a j^’ 589 = +4.66 (c 0.6, acetone). The absolute configuration is based on the 
respective ligand enantiomers used for their synthesis.
4.2.4. Asymmetric Bimetallic Hydroformylation
The catalyst precursors 5 ,5 -[Rh2(nbd)2 (et,ph-P4 )][BF4 ]2  and 
/?,/?-[Rh2(nbd)2(et,ph-P4 )][BF4 ] 2  were used for asymmetric hydroformylation runs. 
The results are shown in table 4.3. and table 4.4. respectively. These are preliminary 
data for various vinyl esters. Acylated hydroxyaldehydes are key starting materials 
for the synthesis of chiral diols.^ Initial turnovers per hour (TO/hr) seem to decrease 
with the length of the carbon chain of the vinyl esters.
Table 4.3 Asymmetric hydroformylation o f different vinyl esters by 




b/l final % 
conversion




Vinyl acetate 270 15/1 77 80(18) Si-)
Vinyl propionate 141 7/1 74 82 (27) Si-)
Vinyl butyrate 92 8 / 1 64 80 (27) (-)
Vinyl benzoate 104 8 / 1 77 67 (77) 5(+)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
80
Table 4.4. Asymmetric hydroformylation of different vinyl esters by 




M final % 
conversion




Vinyl acetate 250 11/1 69 78 (23) /?(+)
Vinyl propionate 166 7/1 74 81 (29) R(+)
Vinyl butyrate 131 8/1 74 78(27) (+)
Vinyl benzoate 105 12/1 62 62 (62) /?(-)
Chiral configuration of the aldehyde products were elucidated based on 
Hobbs*'* results. The chiral configurations for most aldehydes were the same as the 
chiral configuration of the catalyst used. Lower temperatures were used for the 
hydroformylation of vinyl acetate and the results showed that the regioselectivity 
decreased (M  = 7) while the maximum enantiomeric excess was still in the same 
range (75%-80%) when the temperature was decreased to 85°C. Other results with 
vinyl esters were previously obtained by using the S,5-Rh2(allyl)2(et,ph-P4) as catalyst 
precursor (Figure 4.8).*'* The recrystallization of 5,5-Rh2(allyl)2(et,ph-P4) was 
possible in contrast to the [5,5-Rh2(nbd)2(et,ph-P4)][Bp4]2 catalyst precursor. 
Consequently S,5-Rh2(allyl)2(et,ph-P4) catalyst precursor was enantiomericly purer, 
so that the enantiomeric excess percentages were higher than those shown in Table
4.3.
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Vinyl A cetate  Hydroformylation


















Allyl C atalyst #1 in 450 ml A utoclave

















Figure 4.8 Hydroformylation of vinyl acetate by recrystallized 
5,5-Rh2(allyl)2(et,ph-P4)
Table 4.5 shows a comparison of the most successfully used catalysts and 
[Rh2(et,ph-P4)][BF4]2- Takaya® and co-workers achieved the highest ee’s (92 %) for 
vinyl acetate at 60°C and a pressure o f 1400 psi. Branched to linear ratios were
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around 86/14 (-6/1) lower than those shown in table 4.3 and table 4.4. for our 
catalyst Babin’s Rh/UC-Pz (Figure 4.2)‘  ̂ catalyst produced very higher 
regioselectivity but the ee’s are very lower compared to the results for 
[Rh2(et,ph-P4)][BF4]2.
Table 4.5. Comparison of catalyst for symmetric hydroformylation 
of vinyl acetate. Results for [Rh2(et,ph-P4)][Bp4]2 used 
recrystallized Rh2(allyl)2(et,ph-P4) as the catalyst 
precursor (+ 2 eq. HBF4)
Hydroformylation of Vinyl Acetate
Catalyst psig “C Mrs TO b:l %ee
Babin’s Rh/UC-P2* 130 50 ? 400 >30 50
Takaya's Rh/binaphos 1400 60 36 400 6 92
Takaya’s Rh/binaphos 1400 80 72 2000 5 88
Rh2(et,ph-P4)2+ 90 85 4 500 4 85
Rh2(et,ph-P4)2+ 90 90 40 2000 4 83
Hydroformylation products were separated from the solvent and the catalyst 
by distillation or sublimation. The aldehyde products were identified by their ‘H NMR 
in CDCI3. The aldehydic proton for a branched product resonates at slightly higher 
fields than that of the linear product. This allowed the identification of each aldehyde 
and the M  ratio was double checked using the integrated intensity of these protons. 
The proton on the carbon next to the aldehyde functionality in the branched product 
resonates as a multiplet because of the coupling with the neighboring methyl group. 
All branch aldehydes products have these resonances and this allowed their
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identification. Table 4.6. summarizes the chemical shifts of the protons mentioned
above for the branched aldehydes.
Table 4.6. Characteristic resonances of the branched aldehyde 




2-acetoxypropanal 9.54 (s) 5.06 (m)
2-propionoxypropanal 9.54 (s) 5.06 (m)
2-butyryloxypropanal 9.54 (s) 5.06 (m)
2-benzoyloxypropanal 9.84 (s) 5.30 (m)








Linear ProductBranched product 
R= -CH3, -C2H5, -C3H7, -CgHg
Figure 4.9. Aldehyde products from hydroformylation of various 
vinyl esters
4.3. Conclusions
The separation of the R,R- and S.S'-enantioraers of the racemic tetraphosphine 
ligand was successfully achieved. Further studies of asymmetric induction of this 
chiral catalyst can be accomplished by knowing the chiral configuration of this ligand.
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The /î,/î-et,ph-P4 and 5,5-et,ph-P4 are the first ligands used for catalytic bimetallic 
asymmetric hydroformylation. Further studies have to be done in order to find the 
best conditions to achieve the highest enantiomeric excess percentage possible.
4.4. Experimental Section
The experimental work was done under inert atmosphere using Nz Schlenk 
lines and a glove box. Solvents were dried and degassed before use in each 
experiment. ^*P{‘H} NMR spectra were run on Bruker AC-250, AMX-300, or AM- 
400 spectrometers at 101.202, 131.442, or 161.923 MHz, respectively (5 ppm, 85% 
H3PO4 reference). A Jasco digital polarimeter DIP-370 was used to measure rotation 
angles.
4.4.1. Chiral Separation
OD-chiracel column was used with Rainin HPLC equipment, the eluent used 
was 5% isopropanol 95% hexane, a hexane solution of 100 mg/mL of race/nzc-et,ph- 
P4 was used for this separation. Currently, the eluent used is 2% isopropanol 98% 
hexane and the concentration of the sample was changed to 200 mg/mL of 
rflce/n/c-et,ph-P4 ligand.
When 80% racem/c-et,ph-P4 were separated, the eluent was 2% isopropanol 98% 
hexane.
4.4.2. Synthesis of NizCl4(et,ph-P4)
0.67 g of NiCl2.6H20 were dissolved in 10 mL of ethanol and 0.65 g of 
enantiomer 1 et,ph-P4 ligand dissolved in 10 mL of ethanol were added. An orange 
solid forms. The mixture was stirred for 24 hours, the solid was filtered and dissolved
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in dichloromethane. After evaporation of the solvent, different solvent systems were 
used to crystallized the product by slow evaporation of the solvent. X-ray quality 
crystals were obtained from a nitromethane/dichloromethane solvent system.
4.4.3. Synthesis of Chiral Catalyst
The same published procedure was used with each enantiomeric et,ph-P4.‘  ̂
The product was cleaned (when needed) by removing impurities using silica gel 





















• Packless Magnetic 
stirring to 1100 rpm
• 150,450,600 mL
Figure 4.9 Diagram of autoclaves used in hydroformylation reactions.
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Reactions were carried out in acetone, the concentration of the chiral 
rhodium catalyst was 0.3 mM, and vinyl esters concentrations were 0.3 M unless 
otherwise noted. CO/H2 was 1:1, the stirring rate was 1000 rpm. A diagram of the 
autoclave used for this reaction is depicted in Figure 4.9. The total volume was 90 
mL, the catalyst was heated in acetone to the desirable temperature and then the vinyl 
ester was added from the sample reservoir. The pressure and temperature data was 
store in the Parr 4850 controller connected to the autoclave. The data were 
transferred to the PC for TO/hr calculation.
Samples o f the reaction were taken and analyzed by using a GC equipped with 
a DB-1 column for the calculation of branched to linear ratios (Jb/I) and the final 
conversion percentage. The products were identified by comparing the retention 
times of standards and/or the separated aldehyde products from hydroformylation 
reactions. Enantiomeric excess percentages (ee’s) were obtained with a GC equipped 
with a chiral column Chiradex B-DM (230/250°C isothermal/temperature 
programming). The stationary phase'of this column is cyclodextrin based. The 
products were distilled under low vacuum, only the products from the 
hydroformylation of the vinyl benzoate were separate using sublimation. The 
aldehydes were identified by their *H NMR spectra in C D C I 3  after separation from the 
solvent (acetone) and the catalyst. The rotation angles were measured.
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ppm 9 8 7 6 5 4 3 2 1
‘h  NMR in CD2CI2  of mc;5o-[Ni(NCS)(Ti^-et,ph-P4)]"’ complex 4.
03 18 4 2ppm 9 67 5
‘h  NMR in MeOH-d^ of compounds that stay in solution after precipitation of meso- 
[Ni(NCS)('n^-et,ph-P4)]'’ complex 4.
88
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lIu iL iw j
ppm 80 60 40 20 0 -20
NMR spectrum for trial of synthesis o f /•accw/c-[Ni(NCS)(r|^-et,ph-P4)][NCS], 5 
after 60 days in methanol-daCFigure 2.6).
ppm 9 8 7 6 5 3 2 14 0
NMR spectrum for trial of synthesis o f mcew/c-[Ni(NCS)(Ti^-et,ph-P4)][NCS], 5 
after 60 days in methanol-d^ (Figure 2.6).
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ppm 60 50 40 010 -10 -20 -3030 20
NMR spectrum trial of synthesis o f mce/w/c-[Ni(NCS)(Ti^-et,ph-P4)][NCS], 5 in 
ethanol at the beginning of the reaction.
0ppm 9 8 7 4 3 2 16 5
‘H NMR spectrum bimetallic w7e5o-Ni2(NCS)2(et,ph-P4) complex in CD2CI2
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0ppm 9 8 7 6 4 3 2 15
H  NMR spectrum of solvated bimetallic mc£?/n;c-Ni2(NCS)4(et,ph-P4), 9, in 
ethanol-dfi.
■ ■ r"' 
9 .0
■ ■ I 




3 .0 2 . 0  1. 0 0 . 0
NMR spectrum of solvated bimetallic racem/c-Ni2(NCS)4(et,ph-P4), 9, in CD2 CI2
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03 2 1ppm 9 8 47 56
NMR spectrum of a mixture of 80% 
mejo-Ni2(NCS)2(et,ph-P4) complex.
X and 20% bimetallic
NMR spectrum of X after treatment with ethanol.
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ppm 120 100 80 60 40 20 0 -20
NMR spectrum o f compounds left in aqueous solution after cyanolysis in DjO.
J J
ppm 64 62 60 58 56
NMR spectra of 5,5'-Rh2(nbd)2(et,ph-P4).
54 52 50 48
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04 3 2 18 7 5ppm 9 6
‘h  NMR spectrum of 5',^-Rh2(nbd)2(et,ph-P4).
—1“ 
80
-T-40 —I— -20 —I— -60
NMR spectrum of i?,i?-Rh2(nbd)2(et,ph-P4) in acetone-dg
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ppm 9 8 7 6 5 4 3 2  
‘h  NMR spectrum o f 7?,/?-Rh2(nbd)2(et,ph-P4) in acetone-dg
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COSY NMR of 7?,7?-Rh2(nbd)2(et,ph-P4) oxidation products.












5004000 2000 1500 10003500 3000 2500
Transm ittance /W avenum ber (cm-1)













50010004000 2000 15003500 3000 2500
Transm ittance I  W avenum ber (cm-1 )
r a c e /w /c - [ N 1 0 (C S ) (T i^ - e t ,p h -P 3 ,P i„ t= S ) ) ] [ N C S ] .  7 .
















1000 5004000 15003500 3000 20002500
Transmittance I  W avenum ber (cm-1)
Bimetallic mgjo-Ni2(NCS);(et,ph-P4), 8.
25





1000 50035004000 2000 15003000 2500
Transm ittance / W avenum ber (cm-1) 
Solvated bimetallic racm/c-Ni2(NCS)4(et,ph-P4), 9





2929  ' 2878 





4000 1000 5003000 2500 2000 15003500








i6oo3000 2500 2 6 0 03500 50015004Ù00
Transm ittance / W avenum ber (cm*1)
Compounds left in aqueous layer after cyanolysis [Ni(CN)4 ]'  ̂and [Ni(CN)s]’̂
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
101
A 3. X-ray structure and data.
X-ray structure of /n^5o-[Ni(NCS)(Ti^-et,ph-P4)]‘̂  complex 4.
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Table o f Bond Distances in Angstroms X-ray structure o f mgJO-[Ni(NCS)(T|^-et,ph- 
P4)]^ complex 4.
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Ni PI 2.173(1) 023 024 1.494(9)
Ni P2 2.211(2) 041 042 1.49(1)
Ni P4 2.243(2) 043 044 1.44(1)
Ni N IT 1.871(5) OIP 02P 1.388(7)
PI C 1.812(5) CIP 06P 1.401(7)
PI C l l 1.835(6) C2P 03P 1.370(8)
PI CIP 1.816(5) C3P C4P 1.370(9)
P2 C12 1.822(6) C4P 05P 1.361(9)
P2 021 1.813(7) 05? C6P 1.391(8)
P2 023 1.821(7) C7P C8P 1.407(8)
P3 O' 1.857(5) C7P C12P 1.396(8)
P3 013 1.849(6) C8P C9P 1.367(9)
P3 07P 1.821(6) C9P OlOP 1.369(9)
P4 014 1.811(6) CIOP O i l ? 1.36(1)
P4 041 1.815(7) CUP C12P 1.371(9)
P4 043 1.843(7) SIT CIT 1.626(6)
C ll 012 1.514(8) CIT NIT 1.163(7)
C13 014 1.530(9) S2T C2T 1.647(6)
C21 022 1.51(1) C2T N2T 1.156(8)
Table o f Bond Angles in Degrees of X-ray structure of /nc'i-o-[Ni(NCS)(r|^-et,ph- 
P4)]* complex 4.
Atom 1 Atom 2 Atom 3 Angie Atom 1 Atom 2 Atom 3 Angle
PI Ni P2 85.87(6) PI C ll C12 107.8(3)
PI Ni P4 97.70(6) P2 C12 C ll 108.2(4)
PI Ni N IT 169.9(2) P3 C13 C14 112.2(5)
P2 Ni P4 162.94(7) P4 C14 C13 115.1(5)
P2 Ni NIT 86.7(2) P2 C21 022 115.9(5)
P4 Ni N IT 87.5(2) P2 023 024 116.7(5)
Ni PI C 121.4(2) P4 041 042 118.1(6)
Ni PI C ll 108.2(2) P4 043 044 121.8(6)
Ni PI CIP 113.6(2) PI CIP C2P 121.3(4)
O' PI C ll 100.3(2) PI CIP 06P 119.6(4)
O' PI CIP 107.8(2) C2P CIP 06P 119.0(5)
C ll PI CIP 103.2(2) CIP C2P 03P 120.5(5)
Ni P2 C12 109.8(2) C2P C3P 04P 120.4(6)
[Table continues]
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Ni P2 C2I 115.2(2) C3P C4P C5P 120.2(6)
Ni P2 C23 114.5(2) C4P C5P C6P 120.8(6)
C12 P2 C21 104.8(3) CIP C6P C5P 119.0(5)
C12 P2 C23 104.9(3) P3 C7P C8P 123.8(4)
C21 P2 C23 106.8(3) P3 C7P C12P 118.5(4)
C P3 CI3 101.2(3) C8P C7P C12P 117.7(5)
C P3 C7P 99.6(2) C7P C8P C9P 119.8(6)
C13 P3 C7P 100.3(3) C8P C9P ClOP 121.6(6)
Ni P4 C14 121.5(2) C9P ClOP Cl l P 119.2(6)
Ni P4 C41 109.4(2) ClOP Cl lP C12P 121.0(6)
Ni P4 C43 113.6(3) C7P C12P C l l P 120.7(6)
C14 P4 C41 105.1(3) SIT CIT NIT 176.1(6)
C14 P4 C43 99.7(3) Ni NIT CIT 172.2(5)
C41 P4 C43 106.1(3) S2T C2T N2T 179.3(5)
PI C P3 120.7(3)
Table o f Positional Parameters and Their Estimated Standard Deviations o f X-ray 
structure of /we50-[Ni(NCS)(T]^-et,ph-P4)]^ complex 4
Atom X y z B(A2)
Ni 0.49312(8) 0.54675(5) 0.64706(2) 3.29(2)
PI 0.5994(1) 0.52121(8) 0.59330(4) 2.90(2)
P2 0.4760(1) 0.67067(9) 0.62118(4) 3.37(3)
P3 0.6515(1) 0.3329(1) 0.57876(5) 3.88(3)
P4 0.5471(1) 0.44011(9) 0.68580(4) 3.58(3)
C 0.5805(4) 0.4292(3) 0.5631(2) 3.2(1)
C ll 0.5691(5) 0.5983(4) 0.5537(2) 3.4(1)
C12 0.5649(5) 0.6803(4) 0.5750(2) 4.0(1)
C13 0.5797(6) 0.3119(4) 0.6287(2) 4.7(1)
C14 0.6341(6) 0.3589(4) 0.6646(2) 4.5(1)
C21 0.3328(6) 0.6980(4) 0.6042(2) 4.6(1)
C22 0.2431(6) 0.7032(6) 0.6377(2) 6.7(2)
C23 0.5247(6) 0.7515(4) 0.6555(2) 5.0(1)
C24 0.5215(7) 0.8361(4) 0.6386(2) 6.2(2)
C41 0.4209(6) 0.3901(5) 0.7066(2) 5.5(2)
C42 0.4377(9) 0.3168(6) 0.7331(3) 9.8(2)
C43 0.6357(6) 0.4682(5) 0.7309(2) 5.7(2)
C44 0.5888(9) 0.5116(8) 0.7657(3) 9.7(3)
CIP 0.7519(4) 0.5338(3) 0.6028(1) 3.0(1)
C2P 0.8326(5) 0.5152(4) 0.5727(2) 3.8(1)
C3P 0.9473(5) 0.5251(4) 0.5804(2) 4.5(1)
C4P 0.9837(5) 0.5548(4) 0.6178(2) 5.0(1)
[Table continues]
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C5P 0.9061(5) 0.5762(4) 0.6474(2) 4.8(1)
C6P 0.7892(5) 0.5651(4) 0.6409(2) 3.8(1)
C7P 0.5755(5) 0.2620(3) 0.5452(2) 3.4(1)
C8P 0.4555(5) 0.2528(4) 0.5450(2) 4.3(1)
C9P 0.4062(6) 0.1937(4) 0.5211(2) 5.0(1)
ClOP 0.4704(6) 0.1448(4) 0.4958(2) 5.2(1)
Cl l P 0.5865(6) 0.1544(4) 0.4949(2) 5.2(1)
C12P 0.6395(5) 0.2114(4) 0.5194(2) 4.2(1)
SIT 0.3052(2) 0.6703(1) 0.75717(6) 6.80(5)
CIT 0.3707(5) 0.6192(4) 0.7211(2) 4.1(1)
N IT 0.4156(4) 0.5861(3) 0.6937(1) 4.3(1)
S2T 0.3028(1) 0.4702(1) 0.61412(5) 5.21(4)
C2T 0.2906(5) 0.4964(4) 0.5651(2) 4.2(1)
N2T 0.2830(5) 0.5153(4) 0.5307(2) 6.1(1)
Table of Positional Parameters and Their Estimated Standard Deviations of X-ray 
structure o f mcc/n/c-(Et2PCH2CH2)(Ph)-PCH2P(S)(Ph)(CH2CH2PEt2),et,ph-P3,
Pint=S, 6. 
Atom X y z B(A2)
SI 0.2623(1) 0.5463(2) 0.1790(2) 7.58(9)
PI 0.2625(1) 0.4884(1) 0.3127(2) 5.60(8)
P2 0.3351(1) 0.5920(2) 0.4931(2) 6.33(9)
P3 0.1016(1) 0.5332(3) 0.2741(3) 13.4(2)
P4 0.4446(1) 0.7041(2) 0.3713(3) 12.0(1)
Cl 0.3197(3) 0.4968(5) 0.4450(7) 6.0(3)
C2 0.2108(3) 0.5110(5) 0.3542(7) 6.6(3)
C3 0.1581(4) 0.5051(6) 0.2553(8) 8.9(4)
C4 0.3807(4) 0.6099(5) 0.4225(8) 7.2(3)
C5 0.4021(4) 0.6842(6) 0.4465(9) 9.2(4)
C6 0.2559(3) 0.3942(5) 0.2849(7) 5.9(3)
C7 0.2622(4) 0.3451(5) 0.3697(8) 9.2(4)
C8 0.2554(5) 0.2731(6) 0.3438(9) 11.3(4)
C9 0.2448(4) 0.2502(5) 0.2292(9) 9.1(4)
CIO 0.2371(4) 0.2996(6) 0.1450(9) 10.3(4)
C ll 0.2438(4) 0.3715(5) 0.1700(9) 8.8(4)
C12 0.3806(3) 0.5797(5) 0.6495(7) 6.2(3)
C13 0.4146(4) 0.5255(6) 0.6862(9) 9.5(4)
C14 0.4497(4) 0.5230(7) 0.8030(9) 11.0(5)
C15 0.4497(4) 0.5768(7) 0.8805(9) 12.2(5)
C16 0.4143(5) 0.6273(7) 0.8440(9) 12.9(5)
[Table continues]
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C17 0.3795(4) 0.6308(6) 0.7284(9) 9.6(4)
CIS 0.1117(5) 0.474(1) 0.406(1) 24.0(9)
C19 0.0746(7) 0.453(1) 0.415(1) 30(1)
C20 0.1264(5) 0.615(1) 0.358(1) 34.0(9)
C21 0.1182(8) 0.6549(9) 0.248(2) 36(1)
C22 0.4875(7) 0.814(1) 0.502(2) 27(1)
C23 0.4507(6) 0.8017(8) 0.401(2) 20.5(7)
C24 0.3894(5) 0.7180(9) 0.212(1) 18.2(6)
C25 0.4031(6) 0.711(1) 0.132(1) 22.2(8)
Table of Positional Parameters and Their Estimated Stan
structure of racem/c-[Ni(NCS)(r|^ -et,ph-P3,Pint=S))][NCS]
Atom X y z B(A2)
Ni 0.57804(8) 0.60869(2) 0.39693(6) 3.83(2)
SI 0.3620(1) 0.60166(4) 0.5121(1) 4.77(3)
S2 0.5746(2) 0.48902(5) 0.1814(2) 11.87(5)
S3 0.8969(2) 0.71344(5) 0.0843(1) 5.97(4)
PI 0.4645(1) 0.63422(4) 0.6446(1) 3.74(2)
P2 0.6177(1) 0.67045(3) 0.4624(1) 3.57(2)
P3 0.7314(1) 0.58021(3) 0.5445(1) 3.85(3)
P4 0.4563(2) 0.63737(4) 0.2378(1) 5.18(3)
N1 0.5668(4) 0.5584(1) 0.3161(3) 5.0(1)
N2 0.7623(5) 0.6986(2) -0.1439(4) 7.4(1)
C l 0.5455(4) 0.6798(1) 0.5959(4) 3.8(1)
C2 0.6101(5) 0.6075(1) 0.7376(4) 4.0(1)
C3 0.7480(5) 0.6033(1) 0.6891(4) 3.8(1)
C4 0.5245(5) 0.7078(1) 0.3567(4) 4.8(1)
C5 0.4006(7) 0.6876(2) 0.2798(5) 8.2(2)
C6 0.3490(4) 0.6517(1) 0.7413(4) 3.9(1)
C7 0.3777(5) 0.6872(1) 0.8062(4) 4.8(1)
C8 0.2905(5) 0.6999(2) 0.8819(4) 5.3(1)
09 0.1740(5) 0.6762(2) 0.8929(4) 5.8(1)
CIO 0.1447(5) 0.6402(2) 0.8311(4) 6.4(1)
C ll 0.2315(5) 0.6278(2) 0.7549(4) 5.4(1)
C12 0.8030(4) 0.6878(1) 0.4871(4) 3.54(9)
C13 0.8773(5) 0.7041(1) 0.5902(4) 4.2(1)
CM 1.0177(5) 0.7164(2) 0.5962(4) 5.1(1)
CIS 1.0843(5) 0.7135(2) 0.5029(4) 5.5(1)
C16 1.0117(5) 0.6973(2) 0.4002(4) 6.0(1)
C17 0.8708(5) 0.6840(2) 0.3914(4) 4.9(1)
CIS 0.9175(5) 0.5793(2) 0.5262(4) 5.3(1)
[Table continues]
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C19 0.9400(6) 0.5617(2) 0.4110(5) 9.0(2)
C20 0.6802(5) 0.5270(1) 0.5649(4) 4.9(1)
C21 0.7667(6) 0.5046(2) 0.6696(5) 6.8(2)
C22 0.5566(8) 0.6474(2) 0.1232(5) 9.4(2)
C23 0.6366(9) 0.6127(2) 0.0848(5) 11.6(2)
C24 0.2996(8) 0.6105(2) 0.1636(7) 10.9(2)
C25 0.1671(7) 0.6142(3) 0.1948(7) 12.0(3)
C26 0.5704(5) 0.5293(2) 0.2605(4) 5.7(1)
C27 0.8170(5) 0.7041(2) -0.0492(4) 4.9(1)
OIS 0.9654(5) 0.5384(1) -0.0526(4) 10.5(2)
CIS 0.8876(8) 0.5207(2) 0.0272(8) 12.8(3)
C2S 1.1025(9) 0.5215(3) -0.0357(9) 14.1(3)
Table of Positional Parameters and Their Estimated
(H-SCH3)Ni2(NCS)2(et,ph-P4)
Atom X y z B(A2)
Nil 0.09569(9) 0.46943(7) 0.60061(2) 4.69(2)
Ni2 0.09751(8) 0.45101(7) 0.71827(2) 4.41(2)
SI 0.0027(1) 0.4149(1) 0.65909(4) 4.61(3)
SIT -0.2063(2) 0.7433(2) 0.56956(6) 8.29(5)
S2T -0.2908(2) 0.5391(2) 0.78000(6) 7.76(4)
S3T 0.5588(3) 0.0367(3) 0.62016(8) 13.72(9)
PI 0.2171(2) 0.3246(1) 0.60659(4) 4.38(3)
P2 0.1943(2) 0.4984(1) 0.54210(4) 6.14(4)
P3 0.2835(1) 0.4122(1) 0.69349(4) 4.09(3)
P4 0.1932(2) 0.4556(2) 0.77763(4) 6.21(4)
NIT -0.0135(5) 0.5905(4) 0.5900(1) 6.0(1)
N2T -0.0553(5) 0.4942(4) 0.7439(1) 5.7(1)
N3T 0.6290(8) 0.2549(6) 0.6135(3) 16.6(3)
Cl 0.2939(5) 0.2985(4) 0.6566(2) 4.5(1)
CIT -0.0942(6) 0.6537(4) 0.5811(2) 5.4(1)
CIP 0.1334(6) 0.1950(4) 0.5953(2) 5.2(1)
C2P 0.1986(8) 0.0943(5) 0.5984(2) 7.8(2)
C2T -0.1540(6) 0.5143(5) 0.7592(2) 5.2(1)
C2 -0.1596(5) 0.4716(5) 0.6581(2) 5.9(1)
C3P 0.128(1) -0.0067(6) 0.5903(3) 11.5(3)
C3T 0.5971(7) 0.1636(7) 0.6188(2) 8.8(2)
C4P -0.0035(9) 0.0010(7) 0.5798(2) 11.8(2)
C5P -0.0633(8) 0.1000(7) 0.5777(2) 9.5(2)
C6P 0.0027(6) 0.1943(5) 0.5846(2) 6.6(2)
C7P 0.3597(5) 0.5355(4) 0.6713(1) 4.5(1)
[Table continues]
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C8P 0.4823(6) 0.5287(5) 0.6538(2) 5.9(1)
C9P 0.5399(6) 0.6255(6) 0.6388(2) 7.4(2)
ClOP 0.4810(8) 0.7275(5) 0.6432(2) 8.3(2)
C ll 0.3487(6) 0.3320(5) 0.5699(2) 5.6(1)
C l l P 0.3599(7) 0.7350(5) 0.6593(2) 7.9(2)
C12P 0.3006(7) 0.6396(5) 0.6736(2) 6.3(2)
C12 0.2937(7) 0.3757(6) 0.5297(2) 6.7(2)
C13 0.3907(6) 0.3673(4) 0.7344(2) 4.9(1)
C14 0.3666(5) 0.4444(5) 0.7713(2) 5.3(1)
C21 0.0911(7) 0.5244(6) 0.4983(2) 8.4(2)
C22 -0.0066(9) 0.432(1) 0.4946(3) 11.9(3)
C23 0.3101(9) 0.6143(6) 0.5430(3) 10.0(3)
C24 0.257(1) 0.7203(8) 0.5505(3) 15.9(4)
C41 0.1642(7) 0.5795(8) 0.8078(2) 12.2(2)
C42 0.192(1) 0.6846(8) 0.7870(3) 15.6(3)
C43 0.1517(8) 0.3295(9) 0.8091(2) 13.1(3)
C44 0.026(1) 0.2957(8) 0.8145(3) 12.6(3)
CIS 0.660(1) 0.443(1) 0.5335(4) 15.0(4)
C2S 0.702(1) 0.338(1) 0.5434(4) 17.3(4)
Table o f  Positional Parameters and Their Estimated Standard Deviations o f bimetallic 
chiral Ni2(NCS)4(et,ph-P4)
Atom X y z B(A2)
Nil 0.41808(7) 0.0585(2) 0.3589(1) 3.28(3)
Ni2 0.13556(7) 0.1343(2) 0.2494(1) 3.44(3)
PI 0.3329(1) 0.1521(3) 0.3223(2) 3.21(7)
P2 0.4608(2) 0.2316(4) 0.3489(2) 3.54(8)
P3 0.2010(1) 0.0375(4) 0.3374(2) 3.20(7)
P4 0.1106(2) -0.0406(4) 0.1937(2) 3.64(8)
C 0.2736(5) 0.107(1) 0.3842(8) 4.0(3)
C ll 0.3448(6) 0.313(1) 0.345(1) 4.3(3)
C12 0.4038(6) 0.348(1) 0.311(1) 4.6(3)
C13 0.2158(6) -0.113(1) 0.2982(9) 4.0(3)
C14 0.1523(6) -0.161(1) 0.2577(9) 3.9(3)
C21 0.5045(7) 0.280(2) 0.451(1) 5.3(4)*
C22 0.5424(9) 0.399(2) 0.445(1) 7.2(5)*
C23 0.5141(7) 0.234(1) 0.2721(9) 4.8(3)*
C24 0.4899(8) 0.161(2) 0.194(1) 6.2(4)*
C41 0.0283(6) -0.076(1) 0.1862(9) 4.5(3)*
C42 0.0141(8) -0.208(2) 0.154(1) 6.8(4)*
C43 0.1306(6) -0.057(1) 0.0878(9) 4.3(3)*
(Table continues]
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C44 0.0999(8) 0.035(2) 0.023(1) 6.1(4)*
CIP 0.3032(6) 0.143(1) 0.2076(8) 3.5(3)*
C2P 0.3221(6) 0.045(1) 0.1646(9) 4.4(3)*
C3P 0.2995(8) 0.036(2) 0.080(1) 6.2(4)*
C4P 0.2580(7) 0.126(2) 0.041(1) 5.7(4)*
C5P 0.2414(7) 0.221(2) 0.085(1) 5.3(3)*
C6P 0.2634(7) 0.232(1) 0.1706(9) 4.5(3)*
C7P 0.1685(6) 0.012(1) 0.4321(9) 4.2(3)*
C8P 0.1160(8) 0.079(2) 0.442(1) 5.8(4)*
C9P 0.0922(9) 0.069(2) 0.521(1) 7.6(5)*
CIOP 0.120(1) -0.006(2) 0.577(1) 8.7(6)*
C l i p 0.171(1) -0.067(2) 0.575(2) 10.0(7)
C12P 0.1964(9) -0.066(2) 0.496(1) 8.1(5)*
SIT 0.6095(2) -0.1098(5) 0.4436(3) 6.6(1)
CIT 0.5436(6) -0.051(1) 0.4126(8) 3.5(3)
N IT 0.4962(5) -0.010(1) 0.3886(7) 4.0(3)
S2T 0.3389(3) -0.3253(6) 0.3722(7) 16.1(3)
C2T 0.3648(7) -0.191(1) 0.365(1) 6.3(5)
N2T 0.3799(5) -0.095(1) 0.3598(8) 4.9(3)
S3T -0.0417(2) 0.2712(5) 0.0879(3) 6.2(1)
C3T 0.0218(6) 0.231(1) 0.1413(9) 4.4(3)
N3T 0.0682(6) 0.202(1) 0.1786(8) 5.0(3)
S4T 0.1937(3) 0.5227(4) 0.3274(4) 7.5(1)
C4T 0.1721(6) 0.385(1) 0.3095(8) 4.1(3)
N4T 0.1611(5) 0.284(1) 0.2988(8) 4.9(3)
Table of Positional Parameters and Their Estimated Standard Deviations of bimetallic 
5,5-NÎ2Cl4(et,ph-P4).
Atom X y z B(A2)
Nil 0.24410(7) 0 0.43758(7) 3.81(2)
Ni2 0.26967(6) 0.14996(7) 0.86434(6) 3.30(1)
CLl 0.3901(1) -0.0310(1) 0.3485(1) 6.89(4)
CL2 0.2150(1) -0.1657(1) 0.4796(1) 5.78(3)
CL3 0.3235(1) 0.2959(1) 0.9558(1) 5.53(3)
CL4 0.08335(9) 0.1759(1) 0.8547(1) 4.50(3)
PI 0.1121(1) 0.04758(9) 0.5302(1) 3.29(2)
P2 0.2526(1) 0.1614(1) 0.38740(9) 3.90(2)
P3 0.23722(9) 0.0021(1) 0.77978(9) 3.26(2)
P4 0.4483(1) 0.1196(1) 0.8627(1) 4.00(3)
C 0.1113(4) -0.0131(4) 0.6690(4) 3.71(9)
C ll 0.1189(4) 0.1893(4) 0.5524(4) 4.1(1)
[Table continues]
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C12 0.1410(5) 0.2366(4) 0.4403(4) 4.3(1)
C13 0.3641(4) -0.0394(4) 0.7227(5) 4.5(1)
C14 0.4654(4) -0.0141(4) 0.8152(5) 4.6(1)
C21 0.3881(6) 0.2253(5) 0.4417(6) 7.9(2)
C22 0.4054(7) 0.3308(8) 0.4016(9) 12.0(3)
C23 0.2296(5) 0.1782(4) 0.2341(4) 5.0(1)
C24 0.1198(6) 0.1287(6) 0.1780(5) 7.1(2)
C41 0.4996(5) 0.2109(5) 0.7586(5) 5.5(1)
C42 0.5975(5) 0.1743(6) 0.7052(6) 7.2(2)
C43 0.5477(4) 0.1335(6) 0.9916(5) 6.3(2)
C44 0.5150(6) 0.0758(8) 1.0915(6) 9.7(2)
CIP -0.0327(4) 0.0214(3) 0.4584(4) 3.7(1)
C2P -0.0510(4) -0.0429(4) 0.3626(4) 4.5(1)
C3P -0.1593(6) -0.0629(4) 0.3079(5) 5.9(1)
C4P -0.2542(5) -0.0198(5) 0.3481(5) 6.7(2)
C5P -0.2380(5) 0.0442(5) 0.4420(6) 6.9(2)
C6P -0.1266(5) 0.0659(5) 0.4961(5) 5.5(1)
C7P 0.2163(4) -0.1004(4) 0.8797(4) 3.9(1)
C8P 0.2253(4) -0.0784(4) 0.9950(5) 4.8(1)
C9P 0.2074(5) -0.1549(5) 1.0714(5) 6.6(1)
CIOP 0.1760(5) -0.2546(5) 1.0335(6) 7.8(2)
Cl lP 0.1700(5) -0.2795(5) 0.9210(7) 7.5(2)
C12P 0.1904(5) -0.2038(4) 0.8419(5) 5.5(1)
NIS 0.1469(4) 0.4500(4) 0.1357(5) 6.1(1)
OIS 0.1136(6) 0.4161(5) 0.2188(5) 12.6(2)
025 0.2310(4) 0.4973(5) 0.1405(6) 12.5(2)
CIS 0.0812(6) 0.4320(6) 0.0243(7) 8.0(2)
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